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Measurement of the Proton Asymmetry (C) in free neutron
𝛽-decay with Perkeo III
T@e decay of poIarCzed NeutroNs caN be used to searc@ for P@ysCcs BeyoNd t@e StaNdard KodeI.
T@e NoNACsotropCc aNguIar dCstrCbutCoNs of t@e decay partCcIes are parCty vCoIatCNg aNd reveaI t@e
true Nature of t@e weaG CNteractCoN. KaNy observabIes are avaCIabIe CN t@e decay of poIarCzed
NeutroNs, but t@e decay CtseIf Cs oNIy descrCbed by t@ree paraLeters, w@Cc@ aIIows searc@es for
New p@ysCcs CN a coLbCNed aNaIysCs. KeasureLeNts of t@e eIectroN aNguIar correIatCoN coeffiA
cCeNt (A) caN be used to precCseIy deterLCNe t@e ratCo of t@e axCaI to t@e vector coupICNg coNstaNt.
T@e protoN aNguIar correIatCoN coefficCeNt (C) @as oNIy beeN Leasured oNce by a predecessor of
t@Cs experCLeNt.
WeLeasured t@e protoN asyLLetry wCt@ a sCLCIar protoN detector, but eLpIoyed a NewLeaA
surCNg sc@eLe aIIowCNg t@e coIIectCoN of t@e worIds first data oN t@e protoN eNergy depeNdeNce
of t@e protoN asyLLetry. At t@e curreNt state of t@e aNaIysCs, a statCstCcaI uNcertaCNty oN t@e
vaIue of C of 0.8% CN eac@ of t@e two detectors caN be reac@ed. For a fiNaI vaIue, studCes of
systeLatCc effects based oN fieId sCLuIatCoNs aNd tracGCNg are stCII LCssCNg.
For t@Cs LeasureLeNt B desCgNed aNd coNstructed a New detector. For t@e first tCLe t@e scCNtCIA
Iator was coated wCt@ a traNspareNt coNductCve coatCNg aNd toget@er wCt@ t@e New CAD LCIIed
ICg@tAguCdes CN a fourAsCde readout coNfiguratCoN t@e Iow eNergy perforLaNce of t@e detector
couId be CNcreased. SeveraI systeLatCc effects @ave beeN studCed, especCaIIy t@e PoCNt Spread
FuNctCoN of t@e LagNetCc traNsport systeL.
Messung der Protonenasymmetrie (C) im Zerfall des freien
Neutrons mit Perkeo III
Der ZerfaII poIarCsCerter MeutroNeN GaNN zur Suc@e Nac@ P@ysCG, dCe über das StaNdard KodA
eII der TeCIc@eNp@ysCG @CNausge@t, eCNgesetzt werdeN. DCe NCc@t Csotrope WCNGeIverteCIuNg der
ZerfaIIsproduGte Cst eCNe FoIge der VAA StruGtur der sc@wac@eN Wec@seIwCrGuNg. Mur dreC PaA
raLeter bestCLLeN dCe t@eoretCsc@e Besc@reCbuNg des ZerfaIIs. DeL gegeNüber ste@eN vCeIe verA
sc@CedeNe Lessbare GrößeN uNd VerteCIuNgeN. DCe EIeGtroNeN AsyLLetrCe (A) wCrd zur besoNA
ders präzCseN BestCLLuNg der reIatCveN StärGe voN AxCaIerA uNd VeGtorAFoppIuNgsGoNstaNte
beNutzt.
DCe ProtoNeN AsyLLetrCe (C) wurde erstLaICg voN eCNeL VorgäNger dCeses ExperCLeNts
geLesseN. KCt eCNeL NeueN verbesserteN, aber ä@NICc@eN, DeteGtor @abeNwCr eCNeKessuNg der
ProtoNeN AsyLLetrCe durc@gefü@rt. Durc@ deN ECNsatz eCNes SysteLs voN RetardCeruNgseIeGA
trodeN GoNNte zuL ersteN KaI dCe Ab@äNgCgGeCt der ProtoNeNasyLLetrCe voN der ProtoNeNeNA
ergCe bestCLLt werdeN. Mac@ eCNer vorIäufgeN ANaIyse GöNNeN wCr eCNe GeNauCgGeCt voN etwa
0.8% CN EedeL der zweC DeteGtoreN erreCc@eN. Für eCNeN eNdgüItCgeN Wert fe@IeN Noc@ UNterA
suc@uNgeN eCNCger systeLatCsc@er EffeGte durc@ SCLuIatCoN voN TeCIc@eNba@NeN.
Für dCese KessuNg @abe Cc@ eCNeN NeueN DeteGtor eNtworfeN uNd GoNstruCert. DCeser Cst LCt
eCNer traNspareNteN, eIeGtrCsc@ IeCtfä@CgeN Besc@Cc@tuNg verse@eN, dCe eCN AusIeseN des SzCNA
tCIIators voN der SeCte erLögICc@t. ZusaLLeN LCt deN NeueN HCc@tIeCterN, dCe erstLaIs voN
eCNer FüNfAAc@s Fräse gefertCgt wurdeN, zeCgt der DeteGtor eCN gutes MCedereNergCever@aIteN.
Ke@rere systeLatCsc@e ForreGtureN wurdeN berec@Net, besoNders soIc@e dCe durc@ dCe GIeCNe
Größe des DeteGtors @ervorgerufeNeN werdeN. Dazu wurde dCe PuNGtabbCIduNgsfuNGtCoN des
LagNetCsc@eN SysteLs uNtersuc@t.
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1. Introduction and Motivation
T@e study of t@e eIeLeNtary partCcIes aNd t@eCr CNteractCoNs Cs a fieId of p@ysCcs wCt@ a very rCc@
aNd IoNg @Cstory. StartCNg froL t@e dCscovery of t@e buCIdCNg bIocGs of t@e atoLs (NeutroNs, proA
toNs aNd eIectroNs), NucIear decays aNd studCes at acceIerators advaNced our uNderstaNdCNg of
t@e p@ysCcs goverNCNg t@e partCcIes t@at LaGe up t@e obEects of daCIy ICfe. T@e curreNt GNowIedge
Cs suLLarCzed CN t@e so caIIed StaNdard KodeI of partCcIe p@ysCcs (SK). EveN t@oug@ we GNow
t@at t@e SK caNNot expIaCN severaI astroNoLCc observatCoNs (ICGe darG Latter) aNd NeutrCNo osA
cCIIatCoNs, t@e SK reLaCNs oNe of t@e best tested aNd coNfirLed t@eorCes.
BN receNt years t@e first ruNs of t@e H?C at CERM @ave beeN CN t@e focus of t@e pubICc atteNtCoN.
T@e reLarGabIe dCscovery of t@e ?CggsABosoN coLpIeted t@e SK sCNce Ct was t@e Iast LCssCNg
but predCcted partCcIe w@ose exCsteNce was coNfirLed. T@e searc@ for New P@ysCcs BeyoNd t@e
StaNdardKodeI (BSK) coNtCNues at t@e H?C aNd ot@er acceIerators arouNd t@e worId. T@Cs New
p@ysCcs couId LaNCfest CtseIf CN t@e geNeratCoN of New partCcIes at t@e eNergy froNtCer (as studCed
by experCLeNts ICGe ATHAS aNd CKS) or CN rare decays of GNowN partCcIes (studCed CN H?Cb,
BEHHEABB aNd severaI ot@er experCLeNts).
?owever, t@ere Cs aNot@er GCNd of experCLeNts t@at Cs aIso suCted to fiNd p@ysCcs beyoNd t@e
SK. PrecCsCoN experCLeNts at Iow eNergCes caNNot study t@e geNeratCoN of New partCcIes, but are
seNsCtCve to t@e very sLaII effects of New p@ysCcs. How eNergy processes usuaIIy @ave very cIeaN
t@eoretCcaI descrCptCoNs aNd caN ofteN be Leasured wCt@ a Iow bacGgrouNd.
T@e subEect of t@Cs t@esCs Cs oNe of t@ose Iow eNergy precCsCoN experCLeNts. We Leasured t@e
protoN aNguIar correIatCoN coefficCeNt (C) CN t@e decay of free poIarCzed NeutroNs. T@Cs paraLeter
descrCbes t@e NoNACsotropCc eLCssCoN of t@e protoN wCt@ respect to t@e spCN of t@e decayCNg NeuA
troN. T@Cs Cs oNIy oNe of severaI suc@ correIatCoN coefficCeNts t@at caN aNd @ave beeNLeasured CN
NeutroN decay. C CtseIf @as oNIy beeN Leasured oNce, w@ereas t@ere are severaI LeasureLeNts
for t@e ot@er coefficCeNts. CoLbCNed wCt@ ot@er experCLeNtaI data aNd precCse caIcuIatCoNs of
t@eoretCcaI correctCoNs, t@ese paraLeters caN be used to study t@e fuNdaLeNtaI propertCes of t@e
weaG CNteractCoN. PossCbIe exteNsCoNs of t@e SK LCg@t cause devCatCoNs of t@e paraLeters froL
t@eCr SK predCctCoNs.
Our experCLeNt Cs coNducted CN a coIIaboratCoN of t@e p@ysCcs CNstCtute CN ?eCdeIberg, t@e TU
VCeNNa, t@e BHH CN GreNobIe aNd t@e TU KuNCc@. We used t@e spectroLeter Perkeo BBB, t@e curA
reNt CteratCoN of a serCes of spectroLeters dedCcated to t@e study of t@e NeutroN’s decay products.
T@Cs spectroLeter @as beeN buCId CN ?eCdeIberg aNd was receNtIy used CN t@e curreNtIy Lost preA
cCse LeasureLeNt of t@e betaAasyLLetry, t@e correIatCoN coefficCeNt of t@e eIectroN. T@e specA
troLeter Cs desCgNed as aLobCIe experCLeNt t@at caN be set up at dCffereNt NeutroN sources. UNtCI
Now Ct @as beeN set up t@ree tCLes at t@e NeutroN researc@ facCICty BHH (BNstCtute HaueAHaNgevCN)
CN GreNobIe, FraNce. BetweeN t@ose LeasureLeNts t@e CNstruLeNt was traNsported bacG to ?eCA
deIberg aNd VCeNNa CN order to CLprove Ct aNd use parts of Ct for test LeasureLeNts.
T@e BHH Cs a researc@ ceNter for NeutroN scCeNce, t@atLaCNIy utCICtCes t@e NeutroNs for structuraI
researc@ CN LaterCaI scCeNce or bCoIogy aNd c@eLCstry. T@ese experCLeNts are sCLCIar to t@ose
at syNc@rotroN facCICtCes ICGe t@e ESRF or XFEH. BN addCtCoN to t@at t@e BHH offers a few beaL
sCtes for fuNdaLeNtaI p@ysCcs. T@ose are used by dCffereNt experCLeNts, for exaLpIe ICGe t@e oNe
descrCbed CN t@Cs t@esCs.
To Leasure t@e protoN asyLLetry we utCICzed a protoN detector t@at uses a t@CN carboN foCI
1
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at @Cg@ voItage to coNvert t@e protoNs CNto secoNdary eIectroNs t@at t@eN caN be detected wCt@
a scCNtCIIator. Bot@, t@e coNversCoN systeL aNd t@e eIectroN detector, are based oN aN earICer
LeasureLeNt of t@e protoN asyLLetry but @ave beeN coLpIeteIy redesCgNed CN order to CLprove
t@e perforLaNce of t@e detector. BN order to dCffereNtCate betweeN t@ose secoNdary eIectroNs aNd
t@e prCLary eIectroNs froL t@e NeutroN decay, we used a varCabIe eIectrostatCc barrCer to bIocG
t@e protoNs froL reac@CNg t@e coNversCoN foCI. T@Cs aIIows to Leasure aNd c@aracterCze possCbIe
bacGgrouNd froL t@e coNversCoN systeL, w@Cc@ was a LaEor source of t@e fiNaI uNcertaCNty CN
t@e prevCous LeasureLeNt of C. AddCtCoNaIIy Ct was possCbIe to Leasure t@e protoN asyLLetry
as a fuNctCoN of t@e protoN eNergy for t@e first tCLe.
T@Cs t@esCs Cs spICt CN four parts. BN Part B t@e t@eory of NeutroN decay wCt@CN t@e SK Cs preA
seNted. BLportaNt quaNtCtCes are CNtroduced aNd t@e t@eoretCcaI spectra of t@e decay partCcIes are
preseNted. AddCtoNaIIy Ct Cs s@owN @ow to use t@e data froL t@e NeutroN decay to study p@ysCcs
beyoNd t@e SK CN t@e fraLeworG of aN effectCve fieId t@eory.
T@e LaEor parts of t@e experCLeNtaI setup are CNtroduced CN Part BB aNd soLe of t@e desCgN
decCsCoNs are expIaCNed. WCt@CN t@Cs part a Iarge c@apter covers t@e desCgN aNd coNstructCoN of
t@e New detector t@at was a LaEor part of t@Cs t@esCs. For t@e first tCLe we buCId a detector wCt@
Lac@CNe LCIIed ICg@tguCdes aNd wCt@ a traNspareNt coNductCve coatCNg t@at Cs read out froL aII
sCdes. AIso coNsCderatCoNs about t@e detector sCze are preseNted especCaIIy as t@e detector Cs Not
bCg eNoug@ to CNtercept aII CNcoLCNg partCcIes. T@erefore t@e so caIIed poCNt spread fuNctCoN
(PSF) of t@e LagNetCc traNsport Cs caIcuIated.
T@e LeasureLeNt of t@e protoN asyLLetry aNd t@e first preICLCNary resuIts are t@eN subEect
of Part BBB. T@Cs CNcIudes t@e data aNaIysCs aNd studCes of soLe systeLatCc effects.
T@e resuIts are coLpCIed CN Part BV w@Cc@ aIso gCves aN outIooG oN furt@er CLproveLeNts for
future LeasureLeNts.
2
Part I.
Theory
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2. Neutron Decay as Probe for Physics
Beyond the Standard Model
2.1. History of the Weak Interaction
StudCes of NucIear decays @ave pIayed a LaEor roIe CN t@e deveIopLeNt of t@e curreNt StaNdard
KodeI of partCcIe p@ysCcs.
T@e faLous paper by Hee aNd YaNg [HY56] questCoNed t@e coNservatCoN of parCty CN t@e weaG
CNteractCoN aNd suggested to searc@ for asyLLetrCc dCstrCbutCoNs of t@e decay partCcIes froL
spCN poIarCzed sources. T@e LaxCLaI parCty vCoIatCNg Nature of t@e weaG CNteractCoN was t@eN
dCscovered CN t@e decay of 60Co by Wu et aI. [WA?+57]. T@Cs uNexpected vCoIatCoN of a (asA
suLed) fuNdaLeNtaI syLLetry of t@e uNCverse started a w@oIe braNc@ of p@ysCcs IooGCNg for
ot@er vCoIatCoNs of syLLetrCes aNd t@eCr coLbCNatCoNs (C, P, T, CP aNd eveN CPT1). To expIaCN
aNd descrCbe t@Cs be@avCour t@e curreNtAcurreNt CNteractCoNs of FerLC’s t@eory of NucIear decays
were expaNded to t@e VAA t@eory of beta decay (see [SK58] aNd [FG58]).
BN t@e foIIowCNg years, GIas@ow [GIa61], SaIaL [SaI68] aNd WeCNberg [WeC67] LaNaged to
uNCte t@e eIectroLagNetCc CNteractCoN wCt@ t@e weaG CNteractCoN wCt@ t@e proposed 𝑆𝑈(2)×𝑈(1)
structure aNd t@e correspoNdCNg spoNtaNeous syLLetry breaGCNg. T@Cs coLbCNed t@eory Cs
caIIed eIectroAweaG t@eory. Bt predCcted t@e exCsteNce of c@arged aNd uNc@arged @eavy vector
bosoNs t@at act as force carrCers.
T@Cs t@eory @as sCNce t@eN beeN proveN NuLerous tCLes. MeutraI curreNt CNteractCoNs, a preA
dCctCoN of t@e eIectroAweaG t@eory, were first observed CN t@e GargaLeIIe detector at t@e CERM’s
SP acceIerator CN 1973 [?FF+73]. T@e𝑊± aNd 𝑍0 bosoNs were t@eN observed at t@e SPS CN 1983
[AAA+83; BBB+83]. As a Next step t@e eIectroN posCtroN coIICder HEP was coNstructed. At HEP
precCsCoN LeasureLeNts of t@e decayAwCdt@ of t@e 𝑍0AbosoN furt@er coNfirLed t@e t@eory aNd
s@owed t@at t@ere are exactIy t@ree NeutrCNo geNeratCoNs [Sc@+06].
Toget@er wCt@ QuaNtuL C@roLo DyNaLCc (QCD), used to descrCbe t@e stroNg CNteractCoN of
t@e @adroNs, bot@ t@eorCes coLbCNed are caIIed t@e StaNdard KodeI.
ForLaNy years predCctCoNs froL t@e StaNdardKodeI @ave beeN very successfuI. T@e dCscovery
of t@e topAquarG at t@e predCcted eNergy coLpIeted t@e experCLeNtaI coNfirLatCoN of t@e t@ree
faLCICes of quarGs [CDF95; D095]. T@e predCctCve power of t@e SK cuILCNated CN t@e dCscovery
of t@e ?Cggs partCcIe, t@e Iast LCssCNg predCcted SKApartCcIe [ATH12; CKS12].
SCNce t@e dCscovery of t@e ?Cggs t@e SK Cs coNsCdered coLpIete, but t@Cs does Not LeaN t@at
Ct Cs t@e fiNaI t@eory for partCcIe p@ysCcs. SeveraI cIearIy observed p@eNoLeNa ICGe NeutrCNo osA
cCIIatCoNs or t@e uNGNowN partCcIes of t@e darG Latter caNNot be descrCbed wCt@CN t@e StaNdard
KodeI. AddCtCoNaIIy t@e @Cg@ NuLber of paraLeters aNd t@eCr fiNe tuNCNg are coNsCdered a probA
IeL of t@e t@eory. AIso t@e SK caNNot provCde a sufficCeNt aNswer to t@e puzzICNg questCoN w@y
t@ere Cs so Luc@ Lore Latter t@aN aNtCLatter CN t@e uNCverse.
BNterestCNg CN t@e scope of t@Cs t@esCs are precCsCoN LeasureLeNts of SK paraLeters at Iow
eNergCes. StudCes of t@e NeutroN decay coefficCeNts caN provCde precCse vaIues of t@e reIatCve
1@ere C deNotes t@e c@aNge of aII c@arges, P t@e syLLetry of aN CNversCoN of aII space coordCNates aNd T t@e syLLetry
uNder tCLe reversaI. T@e coLbCNed syLLetry of CPT caNNot be vCoIated as IoNg as HoreNtz CNvarCaNce @oIds.
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streNgt@ of t@e V aNd A parts of t@e weaG CNteractCoN.
T@Cs c@apter wCII first brCefly CNtroduce t@e SK aNd Cts forLaICsL before derCvCNg t@e forLuIas
of t@e NeutroN decay CN t@e SK. T@eN possCbIe exteNsCoNs of t@e SK aNd t@eCr CNflueNces oN t@e
NeutroN decay paraLeters are dCscussed. After t@at, t@e spectra aNd aNguIar dCstrCbutCoNs of t@e
decay paraLeters CN t@e Perkeo coNfiguratCoN are preseNted. HasteIy t@e be@avCour of c@arged
partCcIes CN LagNetCc fieIds of varyCNg streNgt@ Cs caIcuIated.
2.2. The Standard-Model of Particle Physics
T@e SK descrCbes t@e fuNdaLeNtaI partCcIes aNd t@eCr CNteractCoNs. T@e fuNdaLeNtaI partCcIes
IeptoNs aNd quarGs are fouNd CN t@ree geNeratCoNs. T@eCr CNteractCoNs are forLaICzed usCNg a
curreNtAfieId descrCptCoN. HeptoNs CNteract oNIy vCa t@e eIectroAweaG CNteractCoN, w@ereas t@e
quarGs caN aIso CNteract usCNg t@e stroNg force descrCbed by QCD. T@e CNteractCoNs are LedCated
vCa force carryCNg bosoNs. BN t@e case of t@e eIectroAweaG CNteractCoN t@ese are t@e𝑊± , 𝑍0 aNd
t@e p@otoN (𝛾). T@e stroNg force uses 8 gIuoNs to CNteract wCt@ t@e quarGs.
WCt@CN t@e eIectroweaG t@eory aII Lasses are geNerated by a spoNtaNeousIy broGeN scaIar
@Cggs fieId. T@Cs gCves rCse to t@e addCtCoNaI spCNA0 ?Cggs partCcIe.
T@e experCLeNtaI observatCoN of LaxCLuL parCty vCoIatCoN CN t@e weaG CNteractCoN Cs CNtroA
duced CN t@e SK by aIIowCNg oNIy coupICNgs to Ieft @aNded ferLCoNs aNd rCg@tA@aNded aNtCA
ferLCoNs. T@e t@ere IeptoN doubIets are (excIudCNg t@eCr aNtCApartCcIe partNers)
(𝜈𝑒𝑒−)𝐿
, (𝜈𝜇𝜇−)𝐿
, (𝜈𝜏𝜏−)𝐿
(2.1)
T@e NeutrCNos @ave zero eIectrCcaI c@arge aNd t@erefore oNIy CNteract vCa t@e weaG CNteractCoN,
w@ereas t@e c@arged IeptoNs (e.g. t@e eIectroN) aIso CNteract usCNg t@e eIectroALagNetCc force.
T@e sCx quarGs are aIso descrCbed CN t@ree faLCICes (agaCN oLCttCNg t@e aNtCApartCcIes).
(𝑢𝑑) ,(
𝑐
𝑠) , (
𝑡
𝑏) (2.2)
T@eCr CNteractCoN wCt@ eac@ ot@er vCa t@e stroNg force aNd t@e correspoNdCNg coIorAc@arge. T@e
Nature of t@e QCD Ieads to t@e so caIIed coNfiNeLeNt aNd asyLptotCc freedoL. T@erefore quarGs
caNNot be observed aIoNe, but oNIy CN t@e forL of @adroNs t@at coNsCst of a 𝑞𝑞 paCr (KesoNs suc@
as t@e pCoNs) or CN groups of t@ree (BaryoNs suc@ as protoNs aNd NeutroNs). ReceNtIy t@ere Cs
evCdeNce froL t@e H?C for ot@er Lore exotCc coLposCte partCcIes ICGe qIuebaIIs aNd peNtaquarGs.
T@e quarGs @ave eIectrCc c@arge aNd wCII aIso taGe part CN eIectroAweaG CNteractCoNs. But CN order
to descrCbe t@e flavor c@aNgCNgweaG decays, t@eLass eCgeNstates of t@e quarGs @ave to be rotated
CNto t@e weaG eCgeNstates by t@e CFK2AquarGALCxCNg LatrCx.
SCNce t@e NeutroN decay Cs a weaG decay, t@e dCscussCoN wCII be ICLCted to t@e weaG CNteracA
tCoN. FuNdaLeNtaIIy t@ere are two processes t@at @ave to be dCffereNtCated: Processes wCt@ t@e
exc@aNge of t@e NeutraI 𝑍0 bosoN are so caIIed NeutraI curreNts ICGe eIastCc NeutrCNo scatterCNg CN
Latter. BN processes t@at CNvoIve oNe of t@e 𝑊± bosoNs aIso eIectrCc c@arge Cs traNsferred froL
oNe curreNt to t@e ot@er.
SCNce t@e𝑊± bosoNs caN coupIe to IeptoNs aNd to quarGs, oNe caN separate t@e c@arged curreNt
CNteractCoNs CNto t@e t@ree categorCes depeNdCNg oN t@e partCcCpatCNg curreNts: IeptoNCc, @adroNCc
aNd seLCAIeptoNCc. T@e decay of t@e NeutroN CNto protoN, eIectroN aNd eIectroN aNtCANeutrCNo Cs
a seLCIeptoNCc decay aNd wCII be descrCbed CN detaCI CN t@e Next c@apter. T@e decay of t@e LuoN
2NaLed after CabCbbo, Fobayas@C aNd KasGawa
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CNto aN eIectroN Cs aN exaLpIe for a pure IeptoNCc weaG CNteractCoN froL w@Cc@ oNe caN extract
t@e CLportaNt paraLeter 𝐺𝐹.
2.3. Neutron Decay in the Standard-Model
T@e NotatCoN of t@Cs c@apter foIIows t@e dCscussCoN CN t@e revCew paper of Dubbers aNd Sc@LCdt
[DS11].
(a) MeutroN decay oN quarG IeveI Cs LedCated by
a𝑊−AbosoN. T@e ot@er quarGs are spectator
quarGs.
(b) How eNergy approxCLatCoN of t@e NeutroN
decay as a four curreNt poCNt CNteractCoN
FCgure 2.1.: FeyNLaN grap@s of NeutroN decay
T@e seLCAIeptoNCc decay of t@e NeutroN 𝑛 → 𝑝+ + 𝑒− + 𝜈𝑒 vCa t@e𝑊− bosoN (see FCgure 2.1a)
@as oNIy a sLaII LoLeNtuL traNsfer 𝑞 aNd caN t@erefore be descrCbed as a poCNt CNteractCoN (see
FCgure 2.1) by approxCLatCNg t@e propagator (𝑝
2
𝑐2 −𝑀
2)
−1
= 𝑀−2.
BN t@Cs poCNt CNteractCoN wCt@ t@e 𝑉 − 𝐴 structure of t@e weaG CNteractCoN CN t@e SK t@ese
curreNts caN be wrCtteN as
𝑗𝜇 = 𝑔𝑤𝜓′𝛾𝜇 (1 − 𝛾5) 𝜓 (2.3)
wCt@ (1 − 𝛾5) as t@e Ieft @aNded c@CraICty operator. Due to t@e dCffereNt be@avCour of t@e 𝑉 aNd
𝐴 parts uNder parCty traNsforLatCoN t@e curreNt becoLes
P 𝑗𝜇 = −𝑔𝑤𝜓′𝛾𝜇 (1 + 𝛾5) 𝜓 = −(𝑉𝜇 +𝐴𝜇) (2.4)
w@Cc@ Cs t@eN coLpIeteIy rCg@t @aNded. T@Cs be@avCour Cs caIIedLaxCLaI parCty vCoIatCNg Nature
of t@e weaG CNteractCoN. Bts orCgCN reLaCNs stCII a Lystery, but LCg@t be a coNsequeNce of a New
t@eory beyoNd t@e SK.
WCt@ t@Cs curreNts oNe caN wrCte t@e traNsCtCoN LatrCx eIeLeNt of t@e NeutroN decay as
ℳquarG = (𝐺𝐹/√2) [u 𝛾𝜇(1 − 𝛾5) d] [e 𝛾𝜇(1 − 𝛾5) 𝜈𝑒] (2.5)
SCNcewedoNot observe t@e decay of oNe quarG CNto aNot@er, but @ave toworGwCt@ t@e @adroNs
NeutroN aNd protoN, t@e fiNaI LatrCx eIeLeNt @as to accouNt for @adroNAstructure effects. T@ereA
fore severaI forL factors are CNtroduced, w@Cc@ due to t@e Iow eNergy Nature of t@e decay caN
be taGeN at zero LoLeNtuL traNsfer 𝑞2 → 0. SeveraI of t@ose are coNNected to SKAforbCddeN
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curreNts or caN be NegIected due to t@e Iow eNergy. 𝑔𝑣 Cs set to exactIy oNe due to t@e so caIIed
”coNserved vector curreNt @ypot@esCs” (CVC), w@Cc@ causes t@e @adroNCc effects to be suLLaA
rCzed CN oNe forL factor, t@e reIatCve streNgt@ of t@e axCaIAvector curreNt. UsCNg 𝜆 = 𝑔𝐴𝑔𝑉 < 0 t@e
New LatrCx eIeLeNt for t@e decay of t@e NeutroN CNto t@e protoN caN be wrCtteN as:
ℳ@adroNs = (𝐺𝐹/√2)𝑉𝑢𝑑 [p 𝛾𝜇(1 + 𝜆𝛾5) N] [e 𝛾𝜇(1 − 𝛾5) 𝜈𝑒] (2.6)
FroL LeasureLeNts of t@e trCpIe correIatCoN coefficCeNt, t@at couId Not fiNd a vCoIatCoN of t@e
T syLLetry oNe caN coNcIude t@at 𝜆 Cs pureIy reaI aNd @as No CLagCNary part. T@e Lost precCse
way to Leasure 𝜆 Cs t@e eIectroN asyLLetry CN poIarCzed NeutroN decay. T@e vaIue of 𝜆 ≈ −1.27
caN aIso be deduced froL IattCceAQCD caIcuIatCoNs aIbeCt wCt@ a Iower precCsCoN.
To descrCbe t@e flavour c@aNgCNg weaG decays t@e decayCNg 𝑑 quarG froL t@e NeutroN @as to
be substCtuted by 𝑑′ t@e flavourAeCgeNstate of t@e quarG. T@Cs flavourAeCgeNstate Cs coNNected to
t@e LassAeCgeNstates by t@e CFKAKatrCx3 [FK73; Cab63].
⎛⎜⎜⎜
⎝
𝑑′
𝑠′
𝑏′
⎞⎟⎟⎟
⎠
= ⎛⎜⎜⎜
⎝
𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏
⎞⎟⎟⎟
⎠
⋅ ⎛⎜⎜⎜
⎝
𝑑
𝑠
𝑏
⎞⎟⎟⎟
⎠
(2.7)
SCNce we oNIy observe t@e flavour coNservCNg decay t@e LatrCx eIeLeNt 𝑉𝑢𝑑 ≈ 0.97 appears CN
t@e forLuIa.
UsCNg t@at oNe caN caIcuIate t@e decay rate for dCffereNt fiNaI states. TypCcaIIy t@e spCNs of
t@e outgoCNg partCcIes caNNot be observed. BNtegratCNg out aII free observabIes except for t@e
eNergCes aNd LoLeNta of t@e eIectroN aNd NeutrCNo gCves t@e cIassCcaI ”DacGsoN forLuIa” for t@e
decay of poIarCzed NeutroNs.
d Γ =𝐺F
2 |𝑉𝑢𝑑|2
(2𝜋)5
F (𝐸) |𝑀fC|2 dΩ𝑒 dΩ𝜈
× [1 + 𝑎p𝑒 ⋅ p𝜈𝐸𝑒𝐸𝜈
+ 𝑏𝑚𝑒𝐸𝑒
+ ⟨𝜎𝑛⟩ ⋅ (𝐴
p𝑒
𝐸𝑒
+ 𝐵p𝜈𝐸𝜈
+𝐷p𝑒 × p𝜈𝐸𝑒𝐸𝜈
)]
(2.8)
T@Cs forLuIa was first derCved CN 1957 by DacGsoN, TreCLaN, aNd WyId [DTW57]. Bt coNtaCNs
FerLC’s coNstaNt (𝐺F) w@Cc@ caN beLeasured CN µAdecay. 𝐹(𝐸) descrCbes t@e spectraI s@ape of t@e
eIectroN’s eNergy. 𝑀fC provCdes t@e geNeraI decay probabCICty. T@e paraLeter 𝑎 Cs t@e correIatCoN
coefficCeNt t@at descrCbes t@e aNguIar correIatCoN of t@e eIectroN aNd t@e aNtCANeutrCNo. T@Cs vaIue
Cs parCty coNservCNg aNd Cs a resuIt of t@e LoLeNtuL coNservatCoN of t@e t@ree decay partCcIes.
Bt caN be Leasured by Cts CNflueNce oN t@e s@ape of t@e protoN recoCI spectruL.
𝐴 aNd 𝐵 bot@ descrCbe t@e aNguIar correIatCoN of t@e eIectroN aNd NeutrCNo wCt@ respect to
t@e spCN of t@e NeutroN (⟨𝜎𝑛⟩). 𝐴 Cs caIIed 𝛽AasyLLetry aNd @as beeN Leasured to very @Cg@
precCsCoN by severaI experCLeNts. 𝐵, t@e so caIIed NeutrCNo asyLLetry, caN be Leasured CN sevA
eraI ways aNd was aIso Leasured CN t@e saLe LeasureLeNt as t@e Iast LeasureLeNt of C by
Sc@uLaNN et aI. [SSD+07].
𝑏 Cs t@e so caIIed FCerz CNterfereNce terL. Bt c@aNges t@e s@ape of t@e eIectroN spectruL aNd Cs
zero CN t@e StaNdard KodeI but couId be aN CNterestCNg probe for NoNASK CNteractCoNs, sCNce Ct
depeNds oN Ieft @aNded scaIar aNd teNsor CNteractCoNs. Bf t@e FCerz CNterfereNce terL Cs Not zero
Ct wCII c@aNge t@e eIectroN correIatCoN coefficCeNt by
𝐴 = 𝐴𝑆𝑀1 + 𝑏 ⟨𝑚𝑒/𝑤𝑒⟩
(2.9)
3CabCbboAFobayas@CAKasGawaAKatrCx NaLed after t@e scCeNtCsts w@o deveIoped Cts forLuIatCoN
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wCt@ t@e average over t@e observed eNergy raNge ⟨𝑚𝑒/𝑤𝑒⟩. BN t@e forLuIa for t@e NeutrCNo asyLA
Letry a secoNd FCerz terL appears.
?̃? = 𝐵0 + 𝑏𝜈 ⟨𝑚𝑒/𝑤𝑒⟩1 + 𝑏 ⟨𝑚𝑒/𝑤𝑒⟩
(2.10)
T@e so caIIed trCpIeAcorreIatCoN coNstaNt 𝐷 wouId be tCLeAsyLLetry vCoIatCNg aNd @as beeN
fouNd to be coLpatCbIe wCt@ zero as expected by t@e SK.
WCt@CN t@e SK, aII t@ose paraLeters oNIy depeNd oN 𝜆 aNd caN t@erefore be used to precCseIy
deterLCNe Ct. EquatCoN 2.11 s@ows t@ese depeNdeNcCes.
𝑎 = 1 − 𝜆
2
1 + 3𝜆2
, 𝐴 = −2𝜆 (𝜆 + 1)
1 + 3𝜆2
, 𝐵 = 2𝜆 (𝜆 − 1)
1 + 3𝜆2
(2.11)
FroL t@at t@e SK vaIues of t@e paraLeter caN be caIcuIated as 𝑎 = −0.106, 𝐴 = −0.118 aNd
𝐵 = 0.987.
SectCoN VB.B of t@e revCew by Dubbers aNd Sc@LCdt [DS11] aNd t@e refereNces t@ereCN descrCbe
receNt aNd @CstorCc LeasureLeNts of LaNy of t@ose paraLeters.
AddCtCoNaI receNt resuIts of t@e eIectroN asyLLetry 𝐴 are UCMA [KPB+13] aNd t@e NewIy
pubICs@ed Perkeo BB resuIt [KKD+13]. T@e LeasureLeNt of 𝐴 froL Kest [Kes11] wCt@ t@e addCA
tCoNaI aNaIysCs of SauI [Sau16] wCt@ a reIatCve precCsCoN Δ𝐴/𝐴 < 2 × 10−3 wCII be pubICs@ed sooN.
T@e aSPECT coIIaboratCoN Cs stCII aNaIysCNg t@e data froL t@eCr LeasureLeNt of 𝑎. CurreNtIy
severaI experCLeNts (suc@ as PERC) are pIaNed to furt@er decrease t@e errors oN aII paraLeters.
UNtCI Now t@e forLuIa dCd Not coNtaCN t@e protoN as a free paraLeter CN t@e fiNaI state. Bts
eNergy aNd LoLeNtuL @ad beeN CNtegrated out. T@e protoN asyLLetry paraLeter C was first
defiNed CN 1958 by TreCLaN [Tre58] CN geNeraI terLs for recoCI spectra CN aII 𝛽Adecays. SCNce
t@e protoN Cs GCNeLatCcaIIy coupIed to t@e eIectroN aNd NeutrCNo, Cts LoLeNtuL caN aIways be
recoNstructed froL t@e eNergCes aNd LoLeNta of t@e NeutrCNo aNd t@e eIectroN. T@e aNguIar
dCstrCbutCoN of t@e protoNs s@ows t@e typCcaI cos(𝜃) depeNdeNcy aIso GNowN froL t@e eIectroNs:
𝑊(𝜃) = 1 + 2C cos(𝜃) (2.12)
Furt@erLore t@e protoN asyLLetry paraLeter caN be expressed CN terLs of t@e eIectroN aNd
NeutrCNo asyLLetry.
C = −𝜒𝐶 (𝐴 + 𝐵) = 𝜒𝐶
4𝜆
1 + 3𝜆2
(2.13)
?ere 𝜒𝐶 Cs a GCNeLatCc coNstaNt t@at was first caIcuIated CN t@e saLe paper [Tre58]. Bt oNIy
depeNds oN t@e eIectroN’s eNdpoCNt eNergy aNdLass aNd @as a NuLerCcaI vaIue of 𝜒𝐶 = 0.27484.
DepeNdCNg oN t@e defiNCtCoN of t@e protoN asyLLetry 𝜒𝐶 caN eCt@er be posCtCve or NegatCve.
BN t@e case of a NoNAzero FCerz terL t@e protoN asyLLetry caN be expressed as
𝐶 =
−𝜒𝐶(𝐴 + 𝐵0) − 𝜒′𝐶𝑏𝜈 ⟨𝑚𝑒/𝑤𝑒⟩
1 + 𝑏 ⟨𝑚𝑒/𝑤𝑒⟩
(2.14)
For t@e CNterpretatCoN of precCsCoN LeasureLeNts Ct Cs CLportaNt to GNow aII correctCoNs t@at
caN be caIcuIated froL t@eory to be abIe to reIate t@e Leasured quaNtCty to t@e fuNdaLeNtaI
paraLeter of t@e t@eory.
GIücG [GIü96] caIcuIated NuLerCcaI vaIues for t@e recoCIAorder, CouIoLb aNd LodeI CNdepeNA
deNt orderA𝛼 correctCoNs. AddCtCoNaIIy t@e CNflueNce of NoNASK LodeIs oN t@e protoN asyLLeA
try were caIcuIated. BN a detaCIed paper [GDH95] t@ese caIcuIatCoNs are coIIected for LaNy of t@e
NeutroN decay paraLeters.
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BN 2008 GudGov [Gud08] revCsCted t@e probIeL of t@e t@eoretCcaI correctCoNs to t@e CNtegraI
protoN asyLLetry. BN a coNsCsteNt LodeI of aN EffectCve FCeId T@eory, t@e correctCoNs are caIcuA
Iated CNcIudCNg aII possCbIe NoNASK coNtrCbutCoNs.
WCt@CN t@e SK t@e correctCoNs caN be spICt CNto t@ree dCstCNct parts.
Δ𝐶 = Δ𝐶𝛼 + Δ𝐶𝛿 + Δ𝐶𝑟𝑒𝑐 (2.15)
AII correctCoNs orCgCNatCNg CN t@e NucIeoN structure, so caIIed CNNer correctCoNs, are suLLarCzed
CN Δ𝐶𝛿 w@ereas Δ𝐶𝛼 coNtaCNs t@e CouIoLbA aNd outerAcorrectCoNs. T@e effects of t@e recoCI are
expressed CN Δ𝐶𝑟𝑒𝑐. KaNy factors of t@ese correctCoNs agaCN oNIy coNsCst of t@e eIectroN’s Lass
aNdLaxCLaI eNergy aNd caN t@erefore be coIIapsed CNto NuLerCcaI vaIues. Ot@er coNstaNts are 𝜆
aNd t@e fiNe structure coNstaNt as weII as t@e NeutroN Lass aNd 𝜇𝑉 froL t@e LaNgetCc LoLeNts
of protoN aNd NeutroN w@Cc@ are aII GNowN quCte precCse. So aII correctCoNs caN be expressed as
([Gud08])
Δ𝐶 = 0.0065 − 0.00022 𝑒𝑅𝑣 (2.16)
w@ere t@e Iow eNergy coNstaNt of t@e EFT 𝑒𝑅𝑣 caN be caIcuIated usCNg HattCceQCD or extracted
froL ot@er LeasureLeNts. ANdo et aI. [AFG+04] s@ow exteNsCve detaCIs of t@e derCvatCoN of
t@ese correctCoNs aNd estCLate t@e Iow eNergy coNstaNt to 𝑒𝑅𝑣 ≈ 20.
2.4. Possible Extensions of the Standard-Model
2.4.1. Problems with the SM
T@e StaNdard KodeI Cs Not coNsCdered a fiNaI t@eory, because t@ere are severaI effects aNd obserA
vatCoNs t@at caNNot be descrCed CN t@e fraLeworG of t@e SK. T@ere are LaNy cosLoIogCcaI aNd
astroNoLCcaI observatCoNs t@at requCre darG Latter aNd darG eNergy. T@ose LaGe up about 27%
aNd 69% of t@e observabIe uNCverse. T@e SK @as No partCcIe t@at couId be t@e darG Latter aNd
t@ere Cs No expIaNatCoN for t@e darG eNergy froL t@e SK.
BN t@e Iast years severaI experCLeNts proved t@at NeutrCNo oscCIIatCoNs exCst aNd LCx aII t@e
flavours of t@e NeutrCNos. T@Cs oscCIIatCoNs requCre a NoNAzero rest Lass for at Ieast two of t@e
t@ree GNowN ICg@t NeutrCNo Lasses, w@Cc@ Cs CN dCrect coNtradCctCoN to t@e assuLptCoNs of t@e
SK.
ANot@er bCg probIeL Cs t@e Latter/aNtCALatter asyLLetry CN t@e uNCverse w@Cc@ caNNot be
expIaCNed by oNIy t@e sLaII CPAvCoIatCNg effects aIready fouNd CN t@e SK. CIoseIy reIated Cs t@e
abseNt CP vCoIatCoN CN t@e stroNg CNteractCoN w@Cc@ couId be expIaCNed by a fiNe tuNed t@eory
w@Cc@ CN CtseIf Cs aIso Not satCsfactory.
AddCtCoNaIIy t@ere are aIso soLeLore p@CIosop@CcaI probIeLswCt@ t@e SK. BN Cts curreNt state
t@e SK Cs defiNed by 19 VarCabIes, t@at caNNot be deducted froL t@eory. T@Cs great NuLber aNd
t@e reIatCve fiNe tuNCNg betweeN paraLeters sparGs t@e searc@ for a overIyCNg t@eory wCt@ Iess
paraLeters.
AIso t@e fort@ fuNdaLeNtaI force of t@e uNCverse, gravCty, Cs Not CNcIuded CN t@e SK aNd up to
Now t@ere Cs No cIear way to descrCbe gravCty CN t@e fraLeworG of a quaNtuL fieId t@eory.
Bf aN overIyCNg t@eory aIso couId uNCfy t@e eIectroweaG t@eory wCt@ t@e stroNg CNteractCoN, Ct
wouId be caIIed a UNCfied t@eory. A possCbIe quaNtuL t@eory of gravCty t@at couId be uNCfied
wCt@ t@e ot@er forces wouId t@eN be caIIed t@e GUT (GraNd UNCfied T@eory)
T@erefore a searc@ for p@ysCcs BeyoNd t@e StaNdard KodeI (BSK) Cs oNgoCNg for severaI years.
So far Ct @as Not beeN successfuI, eveN t@oug@ t@ere are severaI caNdCdates proposed. SCNce t@e
start of t@e dataAaNaIysCs of t@e H?C experCLeNts t@e bouNds for exteNsCoN LodeIs @ave s@ruNG
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sCgNCficaNtIy. SeveraI superAsyLLetrCc LodeIs are aIready excIuded, sCNce t@eCr predCcted partCA
cIes @ave Not beeN fouNd. AddCtCoNaI LeasureLeNts of rare decays or precCsCoN LeasureLeNts
of braNc@CNg ratCos aNd correIatCoNs caN gCve stroNg bouNds oN BSK p@ysCcs. AIso searc@es for
t@e eIectrCc dCpoIe LoLeNt of t@e NeutroN gCve stroNg bouNds oN soLe proposed LodeIs.
2.4.2. Effective Field Theories - VAST Model
BN order to be abIe to searc@ for NoNASK p@ysCcs CN a LodeIACNdepeNdeNt way, so caIIed EFTs
(EffectCve FCeId T@eorCes) are used. T@ese descrCbe t@e effectCve Iow eNergy HagraNgCaN CN terLs
of varCous coupICNg coNstaNts. T@ose coNstaNts caN dCrectIy be coNstraCNed by experCLeNts. PosA
sCbIe t@eorCes caN t@aN caIcuIate t@e expected vaIues for t@ose coupICNg coNstaNts. T@Cs aIIows to
gIobaIIy coLpare t@e experCLeNts aNd t@e EFT acts as a LedCator betweeN t@e experCLeNts aN
t@e t@eory. DCrectIy coNstraCNt paraLeters of certaCN LodeIs or t@eorCes LCg@t Iead to a fixatCoN
oN t@Cs specCfic subset of t@eorCes aNdLCg@t cause oNe to overIooG t@e rCg@t t@eory. AddCtCoNaIIy
t@e EFT approac@ decoupIes t@e experCLeNt froL possCbIe wroNg CNterpretatCoNs of t@e t@eory.
T@Cs sectCoN foIIows t@e NotatCoNs of t@e paper “AsyLLetry of recoCI protoNs CN NeutroN betaA
decay” by GudGov [Gud08]. ANot@er good suLLary of t@e usage of NeutroN decay LeasureA
LeNts CN t@e searc@ for New p@ysCcs caN be fouNd CN [MG13]. T@e Lost geNeraI HoreNtzACNvarCaNt
HagraNgCaN caN be wrCtteN CN t@e foIIowCNg way:
𝐻𝑖𝑛𝑡 = (𝜓𝑝𝜓𝑛) (𝐶𝑆𝜓𝑒𝜓𝜈 + 𝐶
′
𝑆𝜓𝑒𝛾5𝜓𝜈)
+ (𝜓𝑝𝛾𝜇𝜓𝑛) (𝐶𝑉𝜓𝑒𝛾𝜇𝜓𝜈 + 𝐶
′
𝑉𝜓𝑒𝛾𝜇𝛾5𝜓𝜈)
+ 1/2 (𝜓𝑝𝜎𝜆𝜇𝜓𝑛) (𝐶𝑇𝜓𝑒𝜎𝜆𝜇𝜓𝜈 + 𝐶
′
𝑇𝜓𝑒𝜎𝜆𝜇𝛾5𝜓𝜈)
− (𝜓𝑝𝛾𝜇𝛾5𝜓𝑛) (𝐶𝐴𝜓𝑒𝛾𝜇𝛾5𝜓𝜈 + 𝐶
′
𝐴𝜓𝑒𝛾𝜇𝜓𝜈)
+ (𝜓𝑝𝛾5𝜓𝑛) (𝐶𝑃𝜓𝑒𝛾5𝜓𝜈 + 𝐶
′
𝑃𝜓𝑒𝛾𝜇𝜓𝜈)
+ ℎ.𝑐.
(2.17)
T@e CNdCces V, A, S, T aNd P deNote CNteractCoNs of vector, axCaIAvector, sGaIar, teNsor aNd
pseudoscaIar Nature. W@eN reasoNabIy assuLCNg NoNAreIatCvCstCc NucIeoNs t@e pseudoscaIar CNA
teractCoN vaNCs@es. Eac@ of t@e CNteractCoNs caN coupIe to Ieft aNd rCg@t @aNded curreNts. T@e
HeftARCg@t structure Cs easCer to see CN t@e forLuIatCoN of FoNrad et aI. [F?B+12].
T@ey wrCte t@e KatrCx eIeLeNt as:
ℳ = 2𝐺𝐹𝑉𝑢𝑑
√2
∑
𝑗∈{𝑉,𝐴,𝑆,𝑇}
L𝑗⟨𝑝|Γ𝑗|𝑛⟩⟨𝑒−|Γ𝑗
1 − 𝛾5
2 |𝜈⟩ + R𝑗⟨𝑝|Γ𝑗|𝑛⟩⟨𝑒
−|Γ𝑗
1 + 𝛾5
2 |𝜈⟩ (2.18)
T@e dCffereNt CNteractCoNs are t@eN wrCtteN as
Γ𝑉 = 𝛾𝜇, Γ𝐴 = 𝑖𝛾𝜇𝛾5, Γ𝑆 = 1, Γ𝑇 =
𝑖 [𝛾𝜇, 𝛾𝜈]
2√2
(2.19)
Due to t@e dCrect appearaNce of t@e proEectCoN operators t@e KatrCx eIeLeNt Cs spICt CN aN CNA
teractCoN wCt@ t@e Ieft @aNded NeutrCNo aN aNot@er CNteractCoN wCt@ t@e rCg@t @aNded NeutrCNos.
WCt@CN t@e SK aII R𝑗 are zero due to t@e (NoNexCstaNce of rCg@t @aNded NeutrCNos).
BN order to express 𝐶𝑗∈{𝑉,𝐴,𝑆,𝑇} aNd 𝐶′𝑗∈{𝑉,𝐴,𝑆,𝑇} froL EquatCoN 2.17 CN terLs of t@ose expICcCtIy
Ieft aNd rCg@t @aNded coupICNgs see t@e foIIowCNg equatCoN.
𝐶𝑗 =
𝐺𝐹𝑉𝑢𝑑
√2
(L𝑗 + R𝑗) 𝐶′𝑗 =
𝐺𝐹𝑉𝑢𝑑
√2
(L𝑗 − R𝑗) (2.20)
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AgaCN foIIowCNg t@e prevCous forLuIatCoN, oNewrCtes t@e coupICNg coNstaNts as a coLbCNatCoN
of t@e SK vaIues 𝐶𝑆𝑀𝑖 aNd a sLaII New p@ysCcs coNtrCbutCoNs 𝛿𝐶𝑖. T@e resuItCNg c@aNge CN t@e
protoN asyLLetry due to t@e New p@ysCcs caN be wrCtteN as
𝛿𝐶𝑛𝑒𝑤 =
1
𝑋 (1 + 3𝜆2)
∗ ⎛⎜
⎝
𝑋1
2 𝐿1 +
𝑋3
2 𝐿3 −𝑋12𝜆 ∗
⎛⎜
⎝
𝐿0
1 + 3𝜆2
+ 𝑋2𝐿2
𝑋 ∗ (1 + 3𝜆2)
⎞⎟
⎠
⎞⎟
⎠
(2.21)
T@e factors 𝑋𝑖 agaCN oNIy depeNd oN Lasses aNd eNergCes w@ere as t@e 𝐿𝑖 depeNd oN t@e New
p@ysCcs coupICNg coNstaNts, 𝜆 aNd 𝛼. BNsertCNg t@e GNowN vaIues for t@ose coNstaNts GudGov
[Gud08] arrCves at t@e fiNaI seNsCtCvCty of C to t@e New p@ysCcs coupICNg coNstaNts.
𝛿𝐶𝑛𝑒𝑤 = 0.05657 (𝛿𝐶𝑉 + 𝛿𝐶′𝑉) + 0.04456 (𝛿𝐶𝐴 + 𝛿𝐶′𝐴)
− 0.06234 (𝛿𝐶𝑆 + 𝛿𝐶′𝑆) + 0.02132 (𝛿𝐶𝑇 + 𝛿𝐶′𝑇)
(2.22)
SCLCIar equatCoNs caN be caIcuIated for eac@ of t@e observabIes froL NeutroN decay. T@erefore
oNe @as to coLbCNe severaI CNdepeNdeNt observabIes CN order to be abIe to fit t@e LaNy paraLA
eters of t@e effectCve fieId t@eory. BN t@at way a coLbCNed aNaIysCs of aII LeasureLeNts caN be
used to coNstraCN possCbIe vaIues for t@e New p@ysCcs. ReceNtIy t@Cs was doNe by FoNrad et aI.
[F?B+12]. After a carefuI seIectCoN of CNput experCLeNts, t@ey fiNd t@at t@e SK Cs CNcIuded CN
t@e 1𝜎 errors for t@e reIatCve streNgt@s 𝐿𝑆/𝐿𝑉 aNd 𝐿𝑇/𝐿𝐴. T@e seIectCoN of t@e data excIudes t@e
Iast LeasureLeNt of t@e protoN asyLLetry 𝐶, sCNce Ct was derCved froL t@e saLe data set as t@e
LeasureLeNt of 𝐵. BN a future sceNarCo of CLproved precCsCoN oN aII NeutroN paraLeters ICLCts
caN be CLproved coNsCderabIy, especCaIIy for 𝐿𝑇/𝐿𝐴 (t@Cs caused LaCNIy by expected CLproveA
LeNts CN t@e ICfetCLe aNd t@e correIatCoN 𝐵). AddCtCoNaIIy aN CNdepeNdeNt LeasureLeNt of C Cs
assuLed. A fiNaI aNaIysCs of our LeasureLeNt wCII provCde t@Cs resuIt, but wCt@ aN accuracy of
a factor 10 @Cg@er t@aN assuLed CN t@e future sceNarCo.
T@e curreNt ICLCts of rCg@t @aNded scaIar aNd teNsor coupICNgs for eac@ vaIue CNdepeNdeNtIy
CNcIude t@e SK at 68%CH but t@e coLbCNed pIot s@ows two Lost ICGeIy vaIues at (−0.05,−0.05)
aNd (0.05, 0.05) for (𝑅𝑇/𝐿𝐴, 𝑅𝑆/𝐿𝑉)wCt@ t@e SK at (0, 0) excIuded at t@e 90%CH. AgaCN, future
experCLeNts caN CLprove t@e ICLCts aNd reveaI Cf t@e excIusCoN of t@e SK persCsts.
2.4.3. Manifest Left-Right Symmetric Models
OfteN t@e CNflueNce of t@e NeutroN LeasureLeNts oN LaNCfest IeftArCg@t syLLetrCc LodeIs Cs
studCed. A detaCIed dCscussCoN CN t@e scope of NeutroN LeasureLeNts was coIIected by Sc@uA
LaNN [Sc@07].
?ere t@e Ieft aNd rCg@t @aNded coupICNg coNstaNts are assuLed to be equaI [BBK+77] but Not
Necessary t@e saLe as CN t@e SK, w@Cc@ couId gCve a New 𝜆′ = 𝑔′𝐴/𝑔′𝑉 . T@Cs t@eory assuLes a
spoNtaNeous broGeN IeftArCg@t t@eory. T@erefore t@e Ieft @aNded 𝑊±𝐿 bosoN @as a rCg@t @aNded
partNer𝑊±𝑅 . After syLLetry breaGCNg t@e two bosoNs LCx wCt@ a LCxCNg aNgIe 𝜁 .
𝑊1 = 𝑊𝐿 cos 𝜁 +𝑊𝑅 sCN 𝜁 aNd 𝑊2 = −𝑊𝐿 sCN 𝜁 +𝑊𝑅 cos 𝜁 (2.23)
𝑊1 Cs t@e SK𝑊 after syLLetry braGCNg w@Cc@ t@eN @as a rCg@tA@aNded adLCxture. 𝑊2 Cs a yet
uNdCscovered Luc@ @eavCer bosoN t@at @as LaCNIy a rCg@t @aNded CNteractCoN. T@e Lass of t@Cs
bosoN Cs aN CLportaNt paraLeter of t@e t@eory CN addCtCoN to t@e LCxCNg aNgIe.
T@ree free paraLeters 𝛿 = (𝑚1/𝑚2)
2 , 𝜁 aNd 𝜆′ t@eN appear CN t@e dCffereNt forLuIa of t@e
correIatCoN coefficCeNts aNd ot@er observabIes (see [GDH95]).
ReceNt aNaIysCs of t@e partCcIe data group [pdg15] (SectCoN ”Searc@es for Mew?eavy BosoNs”)
set t@e ICLCt of t@eLass of t@e𝑊𝑅 to 715GeV froL coLbCNed EIectroweaG aNaIysCs (see [CGZ99])
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aNd above 592GeV froL LuoN decay (see [BBD+11]). T@e ICLCt derCved froL t@e Sc@uLaNN
LeasureLeNt [SFD+08; SSD+07; Sc@07] Cs No IoNger CNcIuded.
T@e study of FoNrad et aI. [F?B+12] aIso expIores t@e CLpact of NeutroN LeasureLeNts oN
t@Cs LodeI aNd t@ey coNcIude t@at t@e curreNt resuIts CNcIude t@e SK aNd t@at t@e ICLCts derCved
are CNferCor to t@e ot@er LeasureLeNts. T@e future sceNarCo couId becoLe coLparabIe aNd New
p@ysCcs LCg@t be CN reac@ for t@e Next geNeratCoN of NeutroN experCLeNts.
2.4.4. Neutrons as a Probe for Lorentz-Violation
ReceNt studCes by Dı́az, FosteIecGý, aNd He@Nert [DFH13] propose a study of t@e effects of a
possCbIe HoreNtzAvCoIatCoN especCaIIy CN t@e NeutrCNo sector. SCNce a NeutrCNo Cs CNvoIved CN t@e
beta decay soLe of t@e observabIes CN NeutroN decay LCg@t be seNsCtCve to HoreNtz vCoIatCNg
effects as preseNted by Díaz [Día14].
2.5. Spectra and Angular Distributions
FCgure 2.2.: SeparatCNg t@e two@eLCsp@eres usCNg aLagNetCc fieId. PartCcIes eLCtted CN dCrectCoN
of t@e spCN are observed oN detector 1 aNd partCcIes eLCtted agaCNst t@e spCN dCrectCoN
are detected oN detector 2. ELpIoyCNg a spCNAflCpper to reverse t@e dCrectCoN of t@e
NeutroN spCN aIIows to Leasure bot@ partCcIe couNts CN t@e saLe detector.
ToLeasure t@e dCffereNtCaI decay rate wCt@ respect to t@e NeutroN spCN, we utCICse t@e coLLoN
coNcept of aII Perkeo LeasureLeNts. T@e NeutroNs decay CN a LagNetCc fieId wCt@ t@eCr spCN
paraIIeI or aNtCAparaIIeI to t@e LagNetCc fieId. T@e c@arged decay products t@eN gyrate aIoNg
t@e LagNetCc fieId ICNes oN a @eICx traEectory. T@e LagNetCc fieId ICNes guCde t@e eIectroNs aNd
protoNs towards two detectors. T@e drCft LoveLeNt cIearIy separates partCcIes froL eac@ of t@e
@eLCsp@eses defiNed by t@e sCgN of t@e proEectCoN to t@e spCN. A fuII detectCoN of aII decayCNg
partCcIes Cs t@erefore possCbIe.
T@e aNguIar dCstrCbutCoN 𝑊(𝜃) = 1 + 𝑋 cos(𝜃) wCt@ aN asyLLetry paraLeter 𝑋 Cs t@eN CNteA
grated over eac@ @eLCsp@ere.
𝑁 ↑,↓ = ∫ d ΓdΩ dΩ ∝ ∫(1 ± 𝑋 cos(𝜃)) dΩ = 1 ±
1
2𝑋 (2.24)
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T@ose couNt rates are t@eN coLbCNed to t@e experCLeNtaI asyLLetry
𝑋𝑒𝑥𝑝 =
𝑁↑ −𝑁↓
𝑁↑ +𝑁↓ =
1
2𝑋𝑡ℎ𝑒𝑜 (2.25)
For t@e asyLLetrCes appearCNg CN EquatCoN 2.8, NaLeIy 𝐴 aNd 𝐵 t@Cs forLuIa @oIds. T@e
sCtuatCoN for t@e protoN asyLLetry Cs sICg@tIy dCffereNt. SCNce C Cs defiNed CNstead of appearCNg
CN t@e DacGsoN forLuIa (EquatCoN 2.8), t@Cs factor 1/2 aNd t@e sCgN of t@e asyLLetry vary froL
paper to paper. T@e defiNCtCoN of C as
𝐶 =
𝑁↑𝑝 −𝑁↓𝑝
𝑁↑𝑝 +𝑁↓𝑝
(2.26)
wCII be used CN t@Cs t@esCs as Ct Cs aIso used CN receNt pubICcatCoNs. T@e geNeraI aNguIar dCstrCbutCoN
of recoCI NucIeC CN betaAdecay caN be fouNd CN [DTW57]. T@ere t@e factor 2 Cs absorbed CN a dCffereNt
defiNCtCoN of t@e GCNeLatCc factor, aIso as Iater aut@ors (GIücG, GudGov aNd ot@er) LeNtCoN, t@ere
Cs a LCsprCNt CN t@e forLuIa of 𝑋1.
T@e eNergy spectra of t@e eIectroN aNd t@e protoN are quCte dCffereNt, sCNce t@e Lasses of bot@
partCcIes dCffer by t@ree orders of LagNCtude. AdaptCNg a KoNte CarIo NeutroN decay eveNt
geNerator froL [ReC91] to LoderN C++ wCt@ updated vaIues for t@e coNstaNts, a set of protoN
decay eveNts was created. T@e resuItCNg spectra were c@ecGed agaCNst ICterature.
FroL t@at data set oNe caN extract t@e eNergy correIatCoN of t@e protoN aNd t@e eIectroN for
eac@ eveNt see FCgure 2.4. AIso t@e sCNgIe spectra of t@e protoNs (FCgure 2.3b) aNd t@e eIectroNs
(FCgure 2.3a) were geNerated. ONe caN see t@at t@e eNdpoCNt eNergy of t@e eIectroN Cs sICg@tIy
above 780 GeV w@ereas t@e protoNs LaxCLuL eNergy Cs oNIy 0.75 GeV. AIso t@e s@ape of t@e
spectruL Cs quCte dCffereNt.
FroL t@e saLe KC sCLuIatCoN, t@e protoN spectra for t@e dCffereNt spCN dCrectCoNs caN be exA
tracted. T@ose caN be used to caIcuIate t@e vaIue of t@e protoN asyLLetry as a fuNctCoN of t@e
protoN eNergy (FCgure 2.5). BN t@e saLe pIot aIso t@e CNtegrated protoN asyLLetry Cs pIotted
for protoNs above t@e correspoNdCNg eNergy. T@e New experCLeNtaI setup was abIe to coIIect
LeasureLeNt data for a few poCNts oN t@at curve as Iater descrCbed CN sectCoN 10.2.
14
2.5. Spectra and Angular Distributions
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FCgure 2.3.: ENergy Spectra of t@e c@arged decay partCcIes. GeNerated wCt@out aNy t@eoretCcaI
correctCoNs (e.g. recoCI or radCatCve)
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FCgure 2.4.: Scatter pIot of t@e NeutroN decay s@ows t@e correIatCoN of eNergCes of eIectroN aNd
protoN. Data froL t@e descrCbed KoNte CarIo GeNerator wCt@out recoCI or radCatCve
correctCoNs.
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FCgure 2.5.: ProtoN AsyLLetry as a fuNctCoN of t@e protoN eNergy. T@e CNtegrated protoN asyLA
Letry for protoNs above a certaCN eNergy Cs aIso pIotted.
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3. Magnetic Mirror Effect
T@e HoreNtz force appICed to a c@arged partCcIe CN a coNstaNt LagNetCc fieId causes t@e partCcIe to
Love CN t@e typCcaI gyratCoNLotCoNwCt@ t@e radCus depeNdCNg oN t@eLoLeNtuLperpeNdCcuIar
to t@e LagNetCc fieId (𝑝⟂) aNd t@e streNgt@ of t@e LagNetCc fieId.
𝑟 = 𝑝⟂𝑞 𝐵 (3.1)
But sCNce t@e partCcIes Love aIoNg fieId ICNes of varyCNg fieId streNgt@, Ct Cs usefuI to preseNt t@e
coNcept of adCabatCc CNvarCaNces of LotCoN.
BN a Lec@aNCcaI systeL t@e geNeraI actCoN CNtegraI 𝐽𝑖 caN be expressed CN terLs of t@e geNeraI
caNoNCcaI varCabIes 𝑞𝑖 aNd 𝑝𝑖.
𝐽𝑖 = ∮𝑝𝑖 d𝑞𝑖 (3.2)
Bf t@e systeL Cs c@aNged sIowIy (adCabatCc) for t@e LovCNg partCcIe, t@ose CNtegraIs are coNstaNt.
For a c@arged partCcIe CN a LagNetCc fieId t@e c@aNge CN fieId streNgt@ Cs coNsCdered adCabatCc, Cf
t@e c@aNge of 𝐵(𝑧) aIoNg 𝑧 Cs sLaII for oNe cycIe of t@e gyratCoN LoveLeNt. FroL t@e cIassCcaI
dCscussCoN of t@Cs effect by DacGsoN [Dac99] we get t@e two CNvarCaNts of t@e LotCoN CNsCde aN
CN@oLogeNeous LagNetCc fieId.
𝐵 𝑟2 = coNst. aNd
𝑝2⟂
𝐵 = coNst. (3.3)
Toget@erwCt@ t@e coNservatCoN ofLoLeNtuLbot@ coLpoNeNts of t@eLoLeNtuLof a partCcIe
startCNg at 𝑧0 caN be wrCtteN as a fuNctCoN of 𝑧
𝑝2∥ (𝑧) = 𝑝2 − 𝑝2⟂(𝑧) = 𝑝2 − 𝑝2⟂(𝑧0) ∗
𝐵(𝑧)
𝐵(𝑧0)
(3.4)
T@ose CNvarCaNts Iead to CNterestCNg aNd usefuI effects: W@eN drCftCNg towards a sIowIy rCsCNg
fieId t@e pCtc@ aNgIe CNcreases furt@er aNd furt@er aNd t@e drCft veIocCty decreases uNtCI t@e aNgIe
reac@es Ct LaxCLuL aNd t@e drCft veIocCty Cs zero. At t@at poCNt t@e partCcIe Cs reflected at t@e
rCsCNg LagNetCc fieId. T@Cs effect Cs used CN partCcIe traps aNd LagNetCc bottIes.
PartCcIes drCftCNg towards a Iower LagNetCc fieId streNgt@ gyrate oN CNcreasCNg radCC aNd t@eCr
pCtc@ aNgIe decreases w@CIe t@e pCtc@ of t@e @eICx IeNgt@eNs. T@Cs caN be used to acceIerate t@e
drCft of t@ose partCcIes t@at are eLCtted aILost perpeNdCcuIar to t@e LagNetCc fieId.
T@e usage of t@e CNverse LagNetCc LCrror effect Cs typCcaI for t@e Perkeo experCLeNts. T@e
LagNetCc fieId CNsCde t@e decay voIuLe @as a sICg@t gradCeNt towards t@e detectors w@Cc@ acA
ceIerates t@e drCft froL t@e ceNtraI voIuLe. But t@Cs CNcreases t@e NuLber of wroNgIy assCgNed
partCcIes sCNce Ct Cs possCbIe t@at partCcIes are reflected aNd couNted CN t@e wroNg detector. For
exaLpIe a partCcIe wCt@ @Cg@ pCtc@ aNgIe eLCtted at a posCtCoN dowNstreaL of t@e LaxCLuL of
LagNetCc fieId streNgt@ but wCt@ CNCtCaI LoLeNtuL poCNtCNg towards t@e upstreaL detector caN
be reflected at t@e LaxCLuL. T@Cs CNtroduces a systeLatCc correctCoN t@at Cs suppressed Cf oNe
averages t@e resuIts of t@e bot@ detectors. ANot@er effect of t@e reduced fieId at t@e detector
Cs to avoCd gracCNg CNcCdeNt of t@e partCcIes oN t@e detector, sCNce t@e aNgIe of t@e partCcIe wCt@
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FCgure 3.1.: TraEectory of a partCcIe reflected at a LagNetCc LCrror froL [Dac99]
respect to t@e LagNetCc fieId Cs boosted to sLaIIer vaIues. BacGscatterCNg of partCcIes froL t@e
detector Cs suppressed sCNce Ct stroNgIy depeNds oN t@e CNcCdeNt aNgIe. Mevert@eIess soLe partCA
cIes caN uNdergo LuItCpIe scatterCNg CN t@e detector aNd Ieave t@e detector before deposCtCNg aII
t@eCr eNergy. T@ose partCcIes t@eN @ave to traveI agaCNst aN CNcreasCNgLagNetCc fieId, w@Cc@ t@eN
reflects a part of t@e bacGscattered partCcIes bacG oNto t@e prCLary detector. SCNce bot@ detecA
tors are coNNected vCa t@e LagNetCc fieId ICNes, t@ose bacGscattered partCcIes t@at caN overcoLe
t@e LagNetCc barrCer, caN be detected oN t@e opposCte detector. A fuII eNergy recoNstructCoN of
t@ose eveNts Cs t@erefore possCbIe. T@e LeasureLeNt of t@e reaI fieId coNfiguratCoN Cs descrCbed
CN subsectCoN 5.3.1 aNd CN sectCoN 10.2 t@e traNsLCssCoN fuNctCoN of t@e retardatCoN eIectrode Cs caIA
cuIated taGCNg t@e LagNetCc LCrror effect CNto accouNt w@Cc@ c@aNges t@e Leasured CNtegrated
asyLLetry coNsCderabIy (see FCgure 3.2).
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FCgure 3.2.: T@e LagNetCc LCrror effect CN t@e retardatCoN systeL c@aNges t@e Leasured CNtegraI
asyLLetry depeNdCNg oN t@e LagNetCc fieId ratCos by cuttCNg CNto t@e aNguIar aNd
eNergy dCstrCbutCoNs. See t@e fuII caIcuIatCoN CN sectCoN 10.2.
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4. Current Status of Experiments on
Neutron Decay
4.1. Other Experiments Used as Inputs
BN order to CNterpret t@e LeasureLeNts of t@e correIatCoN coefficCeNts oNe @as to coLbCNe LeaA
sureLeNts of 𝐺𝐹 aNd t@e NeutroN ICfetCLe.
T@e NeutroN ICfetCLe Cs aN CLportaNt CNdepeNdeNtLeasureLeNt, t@at @as to be used CN order to
extract a vaIue for 𝜆 froL t@e correIatCoN coefficCeNts. UNfortuNateIy, t@ere Cs a dCscrepaNcy CN t@e
LeasureLeNts of t@e NeutroN ICfetCLe. BN t@e revCewofWCetfeIdt aNdGreeNe [WG11] t@e status of
t@e LeasureLeNts CN 2011 Cs preseNted. After t@at revCew t@ere were t@ree New papers [SPF+12;
ABK+12; YDG+13] t@at preseNted New vaIues or reAevaIuated oId data. DCsappoCNtCNgIy, t@e dCsA
crepaNcy Cs stCII Not resoIved aNd a dCffereNce betweeN beaL aNd bottIe experCLeNts caN be seeN.
?owever severaI New LeasureLeNts are pIaNed or curreNtIy ruNNCNg CNcIudCNg New LagNetCc
bottIe LeasureLeNts t@at do Not @ave to correct for waII Iosses.
FCgure 4.1.: Status of t@e NeutroN ICfetCLeLeasureLeNts used CN t@e PDG average (froL [pdg15])
ReceNtIy t@e PartCcIe Data Group @as s@Cfted t@eCr vaIue to (880.0± 1.1) s [pdg15]. T@Cs vaIue
Cs 5.4 s Iower t@aN t@e prevCous vaIue t@at excIuded t@e 2005 LeasureLeNt of Serebrov et aI.
[SVF+05] due to t@e dCscrepaNcCes wCt@ t@e oIder LeasureLeNts. SCNce t@eN t@e evCdeNce for a
s@orter ICfetCLe Cs CNcreasCNg w@Cc@ Cs reflected CN t@e revCsCted New average.
T@e vaIue of 𝐺𝐹 Cs best deterLCNed by LeasureLeNts of t@e LuoN decay 𝜇 → 𝑒 + 𝜈𝑒 + 𝜈𝜇.
?ere No @adroNCc forL factors CNflueNce t@e LeasureLeNt aNd t@erefore t@e observabIes @ave
No depeNdeNce oN 𝜆. ReceNtIy t@Cs vaIue was deterLCNed wCt@ beIow ppL precCsCoN [WTP+11].
ANot@er set of experCLeNts reIated to precCsCoN LeasureLeNts CN t@e weaG CNteractCoN are
so caIIed superaIIowed ferLC decays. T@ey caN be used to test t@e coNserved vector curreNt
@ypot@esCs (CVC) t@at Cs used to fix t@e vaIue of 𝑔𝑉 = 1. Up to Now t@ere Cs No reasoN to LCstrust
t@e CVC aNd t@erefore t@e prevCous used defiNCtCoN of 𝜆. BN 2009 a detaCIed revCew by ?ardy
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aNd TowNer [?T09] coLbCNed t@e resuIts of 20 decays aNd fiNds t@eL CN astoNCs@CNg agreeLeNt
wCt@ eac@ ot@er aNd t@e SK. BN a coLbCNed aNaIysCs t@ose LeasureLeNts caN aIso be used to
coNstraCN scaIar aNd teNsor CNteractCoN.
4.2. Previous Measurement of the Neutron Correlation
Coefficients
T@e eIectroN asyLLetry was Leasured LaNy tCLes aNd t@e curreNt PDG average of−0.1184(10)
(wCt@ scaIe factor 2.4) Cs deducted froLfiveLeasureLeNts [KKD+13;KPB+13; HSF+97; YFK+97;
BD?+86]. T@e two Lore receNt LeasureLeNts dCffer froL t@e earICer LeasureLeNts, but agree
wCt@ eac@ ot@er. T@Cs caN be seeN CN t@e CdeograL of t@e vaIues (see FCgure 4.2) froL [pdg15].
T@e sooN to be pubICs@ed resuIt froL Perkeo BBB based oN t@e LeasureLeNt aNd aNaIysCs byKest
[Kes11] aNd SauI [Sau16] LCg@t @eIp to cIear t@e coNfusCoN.
FCgure 4.2.: VaIues of t@e LeasureLeNts used to coLbCNe t@e PDG average of t@e eIectroN asyLA
Letry paraLeter A (froL [pdg15])
PDG average of 𝐵 Cs 0.9807± 0.0030 based oN sCx LeasureLeNts wCt@ t@e Iast two [SSD+07;
FSB+05] beeCNg Leasured by Perkeo BB.
T@e protoN asyLLetry @as beeNLeasured byK. Sc@uLaNNusCNg t@e predecessor experCLeNt
Perkeo BB. T@e setup of t@e experCLeNt Cs descrCbed CN detaCI CN t@e dCssertatCoN of K. Sc@uLaNN
[Sc@07]. T@Cs @as beeN t@e first precCsCoN LeasureLeNt of C detectCNg t@e eIectroN aNd protoN
of t@e decay CN coCNcCdeNce [SFD+08]. T@e vaIue of C was fouNd to be −0.2377± 0.0026 aNd
t@erefore coLpatCbIe wCt@ t@e SK. T@e extracted vaIue for 𝜆 fits t@e Newer aNd t@erefore Iower
vaIues obtaCNed by UCMA [KPB+13] aNd t@e Iatest Perkeo BB LeasureLeNt [KKD+13], aIbeCt t@e
Luc@ bCgger error. FroL t@e saLe data aIso aN aNaIysCs of t@e NeutrCNo asyLLetry B @as beeN
perforLed [SSD+07].
T@ePDGaverage of 𝑎 Cs−0.103± 0.004 aNdwasderCved froL t@e t@reeLeasureLeNts [BDG+02;
SDW78; GGV+68].
AddCtCoNaIIy t@ree of t@e LaNy possCbIe trCpIe correIatCoN coefficCeNts @ave beeN Leasured
to be coLpatCbIe wCt@ t@e SK. T@e LeasureLeNt of 𝑅 aNd 𝑁, bot@ correIatCoNs CNvoIvCNg t@e
poIarCzatCoN of t@e eIectroNs, are fouNd CN [FBB+12]. T@e coefficeNt𝐷 froLEquatCoN 2.8wouId be
TAvCoIatCNg aNdwas averaged by t@e PDG froL severaI experCLeNts [H?A+00; SBP+04; CCC+12]
to be (−1.2± 2.0) × 10−4 as expected by t@e SK.
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Experiment and Detector
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5. Setup of the Experiment
T@Cs c@apter wCII provCde aN overvCew of t@e experCLeNt aNd NaLe aII Necessary parts of t@e
detectCoN systeL. T@ose coLpoNeNts wCII be dCscussed CN Lore detaCI CN t@e foIIowCNg sectCoNs
aNd c@apters.
To descrCbe reIatCve posCtCoNs CN t@e experCLeNt, severaI coordCNate systeLs are used. Because
of t@e geograp@CcaI Iayout of t@e BHH aNd our experCLeNt, t@e upstreaL dCrectCoN towards t@e
reactor Cs caIIed ”GreNobIe”, w@CIe t@e dowNstreaL dCrectCoN Cs caIIed ”HyoN” or Eust ”beaLstop
sCde”. Bot@ NaLes wCII be used CN t@e furt@er descrCptCoNs of t@e experCLeNt. AIso t@e dCrectCoNs
Ieft aNd rCg@t of t@e beaL @ave geograp@CcaI NaLes. Heft of t@e dCrectCoN of flCg@t of t@e NeutroNs
Cs caIIed ”Vercors”, NaLed after t@e LouNtaCNs sout@ of t@e experCLeNt. RCg@t CN t@e dCrectCoN
of flCg@t Cs t@eN caIIed ”C@artreuse”, NaLed after t@e LouNtaCNs Nort@ of t@e BHH.
5.1. Overview
SCNce t@Cs Cs t@e t@Crd geNeratCoN of Perkeo spectroLeters aNd especCaIIy Ct Cs t@e t@Crd tCLe
t@at Perkeo BBB @as beeN set up, t@ere are severaI paper aNd dCssertatCoNs descrCbCNg t@e geNeraI
setup. T@e geNeraI desCgN of t@e Perkeo BBB spectroLeter was first pubICs@ed CN t@e dCssertatCoN
of B. KärGCsc@ [Kär06] aNd CN t@e correspoNdCNg CNstruLeNt paper [KAD+09]. A LeasureLeNt
of t@e betaAasyLLetry CN 2008/09 was descrCbed CN detaCI CN t@e dCssertatCoN of ?. Kest [Kes11].
T@e aNaIysCs of t@Cs datawas furt@er CLproved by?. SauIw@ose dCssertatCoN Cs Not yet pubICs@ed
[Sau16]. A paperwCt@ t@e resuIts Cs CN preparatCoN. Our geNeraI setup copCes t@e successfuI setup
of t@at LeasureLeNt but uses a dCffereNt aNd NewIy desCgNed detector systeL as weII as ot@er
CLproveLeNts t@at wCII be dCscussed Iater.
FCgure 5.1.: GeNeraI setup of t@e beaLICNe aNd t@e spectroLerter froL [Kes11]. T@e reactor core
aNd Lost of t@e 76L IoNg NeutroN guCde are Not s@owN. T@e LagNetCc fieId ICNes
t@at separate t@e c@arged partCcIes froL t@e NeutroN beaL are s@owN CN red.
T@e NeutroNs are produced at t@e reactor core aNd are traNsported towards t@e experCLeNtaI
area usCNg superLCrror NeutroN guCdes. Before arrCvCNg CN t@e decay voIuLe of t@e spectroLeter
t@e NeutroNs @ave to be prepared. After a seIectCoN of t@e eNergy, t@e NeutroNs are poIarCzed
aNd t@e beaL Cs s@aped CN traNsverse dCrectCoN by a set of absorbCNg apertures. A spCN flCpper
Cs used to reverse t@e dCrectCoN of t@e spCN CN order to caNceI certaCN correctCoNs oN t@e fiNaI
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asyLLetry. At t@e eNtraNce of t@e spectroLeter, t@e beaL Cs separated CNto buNc@es by a rotatCNg
dCsG c@opper.
T@ese buNc@es of sIow aNd poIarCzed NeutroNs Now traverse t@e ceNtraI, @oLogeNeous fieId
regCoN of t@e spectroLeter depCcted as t@e ceNtraI soIeNoCd CN FCgure 5.1. T@e c@arged decay
products t@at are created CN t@Cs regCoN foIIow t@e LagNetCc fieId ICNes aNd are separated froL
t@e NeutroN beaL by t@e sAs@ape of t@e LagNetCc fieId (see FCgure 5.1). T@e two parts of t@e
spectroLeter t@at are separated froL t@e beaL are caIIed detector vesseIs w@Cc@ CtseIf coNsCst of
t@e traNsCtCoN part aNd a part t@at Cs agaCN paraIIeI to t@e beaL. T@e detector systeL Cs CNstaIIed
CN t@e @orCzoNtaI part of t@e detector vesseI.
After exCtCNg t@e decay voIuLe t@e NeutroNs are absorbed CN a NeutroN bacGscatter suppressCNg
beaL stop t@at Cs Iocated CN a vacuuL tube uNder t@e dowNstreaL detector.
FCgure 5.2.: SGetc@ of t@e coLbCNed protoN aNd eIectroN detector CNcIudCNg aII ?V systeLs
T@e eIectroNs aNd protoNs Now @ave to be separated CN t@e dCscussCoN sCNce t@ey @ave opposCte
c@arge aNd very dCffereNt eNergCes. As a reLCNder, t@e eNd poCNt eNergy of t@e eIectroN spectruL
Cs about 780 GeV w@ere as t@e eNd poCNt eNergy of t@e protoNs Cs about 0.75 GeV. BN order to
guaraNtee a IoNg eNoug@ LeaN free pat@ of t@e Iow eNergetCc protoNs, aN uItra @Cg@ vacuuL Cs
desCred. After separatCoN froL t@e NeutroN beaL, at t@e eNtraNce of t@e upper detector vesseI, t@e
protoNs are acceIerated towards a t@CN carboN foCI @eId at a @Cg@ NegatCve eIectrostatCc poteNtCaI.
T@e Now @Cg@er eNergetCc protoNs are abIe to CoNCze secoNdary eIectroNs froL t@e foCI. T@e saLe
eIectrCc poteNtCaI Cs t@eN used to acceIerate t@ese secoNdary eIectroNs away froL t@e foCI aNd
towards t@e eIectroN detector. T@Cs setup Cs sGetc@ed CN t@e ceNter of FCgure 5.2.
BN t@e Iater dCscussCoN of t@e data t@ose ’secoNdary eIectroNs froL t@e protoNs’ are ofteN Eust
refereed to as protoNs or t@e protoNAsCgNaI. Mevert@eIess oNe s@ouId Not forget, t@at we Never
dCrectIy detect protoNs CN t@e scCNtCIIator. AIso aILost aII eNergy CNforLatCoN of t@e protoN Cs
Iost CN t@e acceIeratCoN aNd coNversCoN process. For a foCI voItage of 15 GV t@e eNergy of t@e
protoNs raNges froL 15 GeV to 15.8 GeV. T@Cs sLaII eNergy spread does Not c@aNge t@e statCstCcaI
dCstrCbutCoN of t@e few secoNdary eIectroNs oN t@e detector1.
PrCLary eIectroNs froL t@e NeutroN decay foIIow t@e saLeLagNetCc fieIdAICNes aNd aIso arrCve
at t@e eNtraNce of t@e detector vesseI. SCNce t@ey @ave eNergCes of up to 1000 tCLes @Cg@er t@aN
t@e protoNs, Lost eIectroNs caN overcoLe t@e eIectrostatCc barrCer of t@e foCI poteNtCaI. T@e exact
traNsLCssCoN fuNctCoN wCII be caIcuIated aIso taGCNg CNto accouNt t@eLagNetCc fieId as a so caIIed
LagAE fiIter.
1ReceNt test LeasureLeNts [Ber16] @ave s@owN t@at t@Cs assessLeNt LCg@t be wroNg aNd t@at t@e coNversCoN efficCeNcy
as a fuNctCoN of t@e acceIeratCoN voItage caN be quCte steep. Mevert@eIess t@e resuIts of t@e preparatCoNLeasureLeNts
of t@e Iast C LeasureLeNt suggested No suc@ effect [Bra00; Fre04; Sc@07]. A fiNaI aNaIysCs Lust certaCNIy coNsCder
t@Cs effect.
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Bot@ t@e eIectroNs aNd t@e protoNs froL t@e NeutroN decay are Nowdetected as eIectroNs oN t@e
detector as seeN CN t@e test spectra CN FCgure 5.3. ?eNce aLet@od to dCstCNguCs@ t@e coNtrCbutCoNs
of bot@ partCcIes Cs Needed. BN t@e prevCous Perkeo BB LeasureLeNt, eIectroNs aNd protoNs @ave
beeN detected CN coCNcCdeNce aNd couId be CdeNtCfied by t@e dCffereNt drCft tCLes. Due to t@e
CNcreased decay voIuLe aNd drCft tCLes a coCNcCdeNt detectCoN CN Perkeo BBB Cs dCfficuIt, but t@e
Iarger dCLeNsCoNs of t@e spectroLeter aIIow for a dCffereNt approac@ to separate t@e protoNs
froL t@e coLbCNed protoN aNd eIectroN sCgNaI.
FCgure 5.3.: WCt@ t@e coNversCoN foCI at @Cg@ voItage a protoN peaG appears CN t@e Iow eNergetCc
part of t@e spectruL. As dCscussed CN t@e LaCN text, t@e protoN sCgNaI coNsCsts of t@e
coNversCoN eIectroNs eLCtted froL t@e t@CN carboN foCI.
AN addCtCoNaI eIectrostatCc poteNtCaI created by a posCtCve voItage caN be used to coLpIeteIy
bIocG t@e protoNs froL reac@CNg t@e coNversCoN foCI. WCt@out t@Cs bIocGCNgApoteNtCaI, eIectroNs
aNd t@e protoN sCgNaI are bot@ detected sCLuItaNeousIy oN t@e detector. AppIyCNg a voItage
above 850V stops t@e protoNs aNd oNe caNLeasure t@e pure eIectroN sCgNaI w@Cc@, CN t@e coNtext
of t@e protoN asyLLetry, Cs oNIy a bacGgrouNd.
5.2. Beam Preparation
T@e BHH researc@ ceNter operates a NucIear reactor t@at provCdes NeutroN beaLs to about 40
experCLeNts. ONIy a few experCLeNts study t@e NeutroN CtseIf, CNstead Lost experCLeNts use
t@e NeutroN for studCes of soft aNd soICd state Latter, c@eLCstry aNd bCoIogCcaI systeLs.
A very detaCIed descrCptCoN of t@e reactor source aNd t@e beaL ICNe caN be fouNd CN [Kes11].
T@e NeutroNs t@at are created CN t@e 54KW reactor core orCgCNate froL NucIear fissCoN processes
aNd @ave very @Cg@ eNergCes (KeV). T@ey quCcGIy t@erLaICze CN t@e surrouNdCNg cooICNg water
to aN average speed of about 2200Ls−1. For severaI reasoNs t@e NeutroNs used for t@Cs experCA
LeNt Need to be sIower aNd t@erefore cooIer. Kost CLportaNtIy t@e NuLber of decays CNsCde t@e
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ceNtraI voIuLe Cs CNverseIy proportCoNaI to t@eCr veIocCty. AddCtCoNaIIy coId NeutroNs are easCer
to traNsport aNd to poIarCze. ScatterCNg CNstruLeNts aIso beNefit froL t@e accessCbIe eNergy raNge
of coId NeutroNs.
T@e NeutroNs guCded towards t@e experCLeNt t@erefore orCgCNate froL a coId source Lade
froL ICquCd deuterCuL at 25F [Age89]. Mow aN average veIocCty of 1000Ls−1 correspoNdCNg to
a waveIeNgt@ of ca. 4Å Cs reac@ed. Bt Cs coLLoN to descrCbe t@e eNergy of t@e NeutroN CN terLs
of t@eCr waveIeNgt@ w@Cc@ reIates to t@e veIocCty as s@owN CN EquatCoN 5.1.
𝜆 ≈ 3956𝑣 Ls
−1Å (5.1)
T@e guCde ?113 traNsports t@e NeutroNs towards t@e experCLeNtaI zoNe usCNg superALCrror
guCdes CN evacuated beaL tubes. T@ese NeutroN LCrrors are Lade froL 80 Iayers of MCcGeI aNd
TCtaNCuL coatCNgs t@at are abIe to use totaI reflectCoN of t@e NeutroNs wCt@ CNcCdeNt aNgeI sLaIIer
t@aN t@e crCtCcaI aNgIe. T@e guCdes’ LCrrors @ave a crCtCcaI aNgIe of twCce t@e sCze of t@e cIassCcaI
pure MCcGeI coated guCdes (𝑚 = 2) [?FF+02]. BN order to bIocG t@e dCrect sCg@t oN t@e reactor
core aNd Cts 𝛾 radCatCoN, t@e guCde Cs sCg@tIy beNt. A c@aracterCzatCoN of t@e ?113 beaL t@at feeds
t@e PF1B experCLeNtaI beaL sCte caN be fouNd CN [AD?+06].
At t@e eNd of t@e 76L IoNg guCde t@e beaL @as a cross sectCoN of 6 × 20 cL2 aNd a dCvergeNce
of 7Lrad. T@e beaL t@eN @as to be prepared for t@e experCLeNt by seIectCNg aN eNergy raNge,
poIarCzCNg, s@apCNg aNd c@oppCNg.
BeaLICNe, veIocCty seIector aNd poIarCzer are provCded by t@e BHH aNd are s@CeIded CN t@e caseA
Late. T@e spCNflCpper, t@e apertures aNd t@e c@opper beIoNg to t@e experCLeNtaI setup. T@e
NeutroNs exCt t@e vacuuL of t@e guCde aNd pass t@roug@ t@e veIocCty seIector aNd t@e poIarCzer
CN aCr, before eNterCNg t@e vacuuL systeL of t@e beaLICNe aNd spectroLeter. T@CN aIuLCNCuL
wCNdows aIIow for a aILost uNdCsturbed traNsLCssCoN of t@e NeutroNs.
5.2.1. Velocity Selector
T@e veIocCty seIector Cs reaICzed as a rotatCNg bIaded axCs wCt@ NeutroN absorbCNg bIades t@at
forL @eICcaI c@aNNeIs. T@ose c@aNNeIs appear straCg@t for t@ose NeutroNs t@at traveI wCt@ t@e
rCg@t veIocCty wCt@ respect to t@e turNCNg frequeNcy of t@e axCs.
T@e basCc worGCNg prCNcCpIes of suc@ veIocCty seIectorswas descrCbed CN t@ree papers [FWW89;
WFW92; WFW95]. BN sectCoN 3.1.2 of t@e dCssertatCoN of ?. Kest [Kes11] t@e c@aracterCstCcs of
t@e veIocCty seIector of PF1B are descrCbed CN detaCI.
T@e veIocCty seIector absorbs about 80% of t@e flux w@Cc@ produces @uge aLouNts of 𝛾 radCA
atCoN t@at @as to be s@CeIded for bCoIogCcaI aNd bacGgrouNd reasoNs.
For ourLeasureLeNt t@e seIector was set to ruN at 25 470 rpLw@Cc@ correspoNds to a NeutroN
waveIeNgt@ of 𝜆 = 5Å wCt@ a wCdt@ of Δ𝜆/𝜆 ≅ 10%.
5.2.2. Polarization
BN order to observe t@e protoN asyLLetry C or ot@er spCN correIatCoN coefficCeNts t@e NeutroNs
@ave to be spCNApoIarCzed. T@e poIarCzatCoN Cs defiNed usCNg t@e NuLbers of t@e desCred spCN
state 𝑋↑ aNd t@e adLCxture of t@e wroNg spCN state 𝑋↓:
P = 𝑋
↑ −𝑋↓
𝑋↑ +𝑋↓ (5.2)
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(a) PCcture of t@e bIades froL [DaC] (b) SCLuIated veIocCty spectra after t@e seIector froL
t@e dCssertatCoN of X. WaNg [WaN13]
FCgure 5.4.: T@e NeutroN veIocCty seIector
T@Cs aIIows to wrCte t@e spCN state of t@e NeutroN beaL (𝑁) t@at Cs observed CN t@e detectors as a
fuNctCoN of t@e poIarCzatCoN (P) aNd t@e pure spCN states (𝑛).
𝑁↑ = 12 ((1 + P) 𝑛
↑ + (1 − P) 𝑛↓) (5.3)
𝑁↓ = 12 ((1 − P) 𝑛
↑ + (1 + P) 𝑛↓) (5.4)
T@Cs causes t@e poIarCzatCoN to appear CN every experCLeNtaI asyLLetry.
𝐶exp =
𝑁↑ −𝑁↓
𝑁↑ +𝑁↓ =
𝑛↑ − 𝑛↓
𝑛↑ + 𝑛↓ × P = 𝐶t@eo × P (5.5)
WCt@CN aNy experCLeNtaI setup t@at does eLpIoy a NoNAperfect poIarCzer t@e coNtrCbutCoNs of t@e
wroNg spCN state cause a dCIutCoN of t@e true asyLLetry.
T@e LeasureLeNt aNd aNaIysCs of t@e poIarCzatCoN Cs bICNded CN t@Cs aNaIysCs aNd @as beeN perA
forLed by ot@er parts of t@e coIIaboratCoN. As a fiNaI step after t@e deterLCNatCoN aNd correctCoN
of aII ot@er systeLatCc effects, t@e poIarCzatCoN vaIue wCII be uNAbICNded aNd t@e true vaIue of C
be reveaIed.
T@e poIarCzer used CN t@Cs experCLeNt was coNstructed foIIowCNg t@e prCNcCpIes dCscussed CN
[SS89]. A stacG of super LCrrors Lade wCt@ Iayers of LagNetCc LaterCaI Cs pIaced CNsCde a LagA
NetCc fieId. T@e poteNtCaI seeN by t@e NeutroNs CN t@e LaterCaI t@eN dCffers for t@e two possCbIe
spCN dCrectCoNs. T@Cs causes oNe spCN dCrectCoN to be reflected w@CIe t@e ot@er coLpoNeNt Cs
traNsLCtted t@roug@ t@e Iayer stacG aNd absorbed by t@e base Iayer of t@e stacG of coatCNgs.
A sCNgIe poIarCzer caN ac@Ceve a poIarCzatCoN of P ≈ 98.5% w@CIe traNsLCttCNg about 25% of
t@e CNcoLCNg NeutroNs. T@Cs agaCN Cs a bCg source of bacGgrouNd radCatCoN, t@at Cs s@CeIded ICGe
t@e radCatCoN froL t@e veIocCty seIector by t@e @ousCNg of t@e caseLate coNsCstCNg of Ied aNd
coNcrete.
5.2.3. Adiabatic Fast Passage Spin Flipper
BN order to caNceI certaCN systeLatCc correctCoNs oN t@e asyLLetry Ct Cs usefuI to be abIe to flCp
t@e spCN state of t@e NeutroN beaL. T@Cs aIIows toLeasure bot@ partCcIe couNts, wCt@ aNd agaCNst
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spCN dCrectCoN, CN t@e saLe detector. T@Cs caNceIs t@e depeNdeNcy of t@e detector fuNctCoNs froL
t@e deNoLCNator CN t@e asyLLetry.
FCgure 5.5.: PrCNcCpIe of operatCoN of t@e spCN flCpper froL [BHP+93]
Baz@eNov et aI. [BHP+93] descrCbed t@e type of spCN flCpper used CN our experCLeNt. T@e NeuA
troN traveIs troug@ a statCc LagNetCc gradCeNt w@CIe beeCNg CNflueNced by aN addCtCoNaI radCo
frequeNcy LagNetCc fieId. BN t@e fraLe of t@e NeutroN t@Cs causes t@e spCN to be rotated CNto t@e
opposCte dCrectCoN. T@e orCgCNaI sGetc@ of t@e worGCNg prCNcCpIe caN be fouNd CN FCgure 5.5.
T@e spCN flCpper Cs Lade froL a (NoNLagNetCc) gIass tube wCt@ t@e coCI wrapped arouNd. T@e
tube Cs seaIed wCt@ severaI Iayers of tape CN order to Geep t@e CNsCde of t@e vacuuL c@aLber darG
so t@at t@e p@oto LuItCpICer tubes (PKTs) caN be used CN t@e detector. To coNNect t@e flCpper
to t@e vacuuL systeL of t@e beaL ICNe, t@e gIass tube Cs gIued to staCNIess steeI flaNges. T@Cs
exposes parts of t@e gIue to t@e vacuuL systeL. EveN good vacuuL coLpatCbIe gIue stCII @as
sCgNCficaNt outgassCNg. T@Cs caused us to add a spectroLeter eNtraNce wCNdow froL aIuLCNCuL
foCI after t@e c@opper. EveN t@oug@ t@Cs wCNdow was Not reaIIy tCg@t aNd at severaI poCNts eveN
s@owed cracGs, t@e dCffereNtCaI puLpCNg crossAsectCoN was sLaII eNoug@ to s@CeId t@e U?V CN
t@e spectroLeter froL t@e @Cg@er pressure CN t@e beaL ICNe. T@e vacuuL CNsCde t@e beaL ICNe Cs
Needed to LCNCLCze NeutroN scatterCNg aNd t@erefore aIso preserves t@e spCN poIarCzatCoN.
Before eNterCNg t@e spectroLeter t@e vertCcaI aICgNed spCN states @ave to be rotated sIowIy CNto
a IoNgCtudCNaI poIarCzatCoN by a carefuI desCgN of t@e LagNetCc fieId to coupIe t@e spCN CNto t@e
spectroLeter.
5.2.4. Apertures
DCstrCbuted wCt@CN t@e w@oIe evacuated beaLICNe a set of apertures wCt@ a quadratCc opeNCNg
of 6 cL wCdt@ aNd @eCg@t Lade froL NeutroN absorbCNg HC6F ceraLCcs aNd Iead were CNstaIIed.
T@eCr posCtCoNs are preseNted CN FCgure 5.6. T@ey s@ape t@e beaL CN traNsverse dCrectCoN aNd t@ey
@ave to be aICgNed precCseIy to eac@ ot@er. T@Cs was doNe wCt@out t@e possCbCICty to Leasure t@e
resuItCNg NeutroN profiIe, sCNce t@e beaLICNe @ad to be CNstaIIed CN a reactor s@utdowN p@ase.
EveN t@e posCtCoN of t@e spectroLeter @ad to be deterLCNed oNIy wCt@ Iaser aNd optCcaI LeasureA
LeNt systeLs aNd was aICgNed usCNg wooIAt@read crosses CN t@e flaNges t@at were c@ecGed wCt@
t@e Iaser. T@e Iaser CtseIf was pIaced usCNg a IyNette aNd a t@eodoICte.
To verCfy t@e absoIute posCtCoNCNg of t@e spectroLeter wCt@ respect to t@e NeutroN beaL, a
copper foCI was actCvated wCt@ ruNNCNg seIector aNd c@opper. T@e foCIs was pIaced CNsCde t@e
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setup wCt@ fuIIy coNNected vacuuL systeL CNcIudCNg t@e beaLICNe aNd oNIy oNe wCNdow at t@e
beaLICNe eNtraNce2. At t@e coNNectCoN flaNge of t@e ceNtraI part aNd t@e beaLstop detector vesA
seI t@e beaL was fouNd to be oNIy 0.8LL too Iow aNd 1.8LL too cIose to t@e rCg@t sCde (CN
flCg@t dCrectCoN) of t@e spectroLeter wCt@ respect to t@e ceNter of t@e flaNge. AN earICer LeasureA
LeNt at t@e eNd of t@e first detector vesseI aNd be@CNd a AIAwCNdow aNd t@e w@oIe poIarCzatCoN
LeasureLeNt setup aIso estCLated a dCspIaceLeNt of (2± 2)LL LL to Iow aNd (2± 2)LL
to t@e rCg@t. T@erefore we @ad No aNguIar dCspIaceLeNt aNd t@e @orCzoNtaI dCspIaceLeNt was
weII wCt@CN our ICLCts for t@e crCtCcaI systeLatCc correctCoNs. Detector aNd ?VAsysteL couId be
adEusted to Latc@ t@e Leasured dCspIaceLeNt.
FCgure 5.6.: DCLeNsCoNs of t@e beaLICNe setup. T@e posCtCoNs of t@e apertures Cs CNdCcated by t@e
dCstaNces dCspIayed uNder t@e sGetc@.
5.2.5. Chopper
T@e c@opper Cs t@e saLe rotatCNg dCsG c@opper t@at was used CN t@e prevCous LeasureLeNt wCt@
Perkeo BBB. Bt was coNstructed byWerder [Wer09] aNd Cs descrCbed CN detaCI CN t@e dCssertatCoN of
?. Kest [Kes11] w@o aIso dCscusses advaNtages aNd dCsadvaNtages of a puIsed LeasureLeNt CN
detaCI CNcIudCNg eveNt rate coNsCderatCoNs.
Bts dCaLeter Cs about 50 cL aNd t@e opeNCNg aNgIe Cs 22.2° aNd Ct uses t@e saLe type of HC6F
ceraLCcs to absorb t@e NeutroNs. T@e dCLeNsCoNs of t@e c@opper are s@owN CN FCgure 5.7a. T@e
rotatCoN speed was fixed to 76?z aNd t@e Leasured frequeNcy @CstograL Cs NorLaI dCstrCbuted
wCt@ aLeaN of 76.004?z aNd a sCgLa of 0.010?z. Due to t@e @Cg@ rotatCoN speed, t@e c@opper Cs
guarded by a LoNCtorCNg systeL t@at caN stop t@e c@opper Cf vCbratCoNs get too bCg. T@e vacuuL
c@aracterCstCcs of t@e c@opper CtseIf are aIso Not coLpatCbIe wCt@ t@e decay voIuLe requCreLeNts.
T@erefore we pIaced t@e eNtraNce wCNdow separatCNg beaLICNe aNd spectroLeter vacuuL CN
betweeN c@opper aNd spectroLeter.
KeasurCNg wCt@ t@e c@opper @as t@e LaCN dCsadvaNtage, t@at oNe Iooses aILost aII NeutroNs
except for t@e about 6% t@at caN pass CN eac@ rotatCoN. But t@e advaNtages outweCg@ t@Cs dCsadA
2T@e wCNdow betweeN c@opper aNd spectroLeter was Not yet CNstaIIed.
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(a) (b)
FCgure 5.7.: T@e Ieft pCcture s@ows t@e dCLeNsCoNs of t@e c@opper dCsG. BN t@e rCg@t pCcture Cs
aN CdeaI ToF spectruL of bot@ detectors coLbCNed of a c@opped LeasureLeNt taGeN
froL [Kes11]. T@e grey areas CNdCcate t@e tCLe cuts for t@e sCgNaI aNd t@e bacGgrouNd
wCNdow. T@e reaI sCtuatCoN CN our LeasureLeNt Cs dCffereNt, sCNce we observed a
sCgNCficaNt dCffereNce CN couNt rate for bot@ detectors.
vaNtage, sCNce Ct aIIows (toget@er wCt@ t@e sIow speed of t@e NeutroNs aNd t@eCr sLaII veIocCty
dCstrCbutCoN) to ICLCt t@e aNaIysCs to t@ose decay partCcIes t@at decay wCt@CN t@e @oLogeNeous
ceNtraI voIuLe by cuttCNg oN t@e ToF (TCLe of FICg@t) after t@e c@opper opeNCNg. AddCtCoNaIIy Ct
Cs possCbIe to Leasure t@e beaL CNdepeNdeNt bacGgrouNd coNtCNuousIy at t@e eNd of eac@ c@opA
per cycIe after t@e NeutroNs are absorbed CN t@e beaL stop aNd before t@e c@opper opeNs agaCN
to Iet t@e Next puIse eNter t@e spectroLeter.
FCgure 5.7b s@ows t@e coLbCNed sCgNaI rate of eIectroNs aNd 𝛾AradCatCoN of bot@ detectors
for aN CdeaI setup. After opeNCNg of t@e c@opper, t@e puIse @as to traveI for about 1.5Ls before
reac@CNg a part of t@e spectroLeterw@ere soLe of t@eLagNetCc fieId ICNes caN guCde t@e partCcIes
to t@e detector. ONce t@e puIse Cs fuIIy coNtaCNed CN t@e ceNtraI decay voIuLe t@e couNt rate Cs
coNstaNt. T@ere t@e sCgNaI tCLe wCNdow Cs pIaced CN t@e Iater offlCNe aNaIysCs. T@e NeutroN puIse
t@eN exCts t@e @oLogeNeous fieId regCoN aNd t@e couNt rate (aILost) decreases to t@e prevCous
IeveI. ArouNd t@e 8Ls LarG t@e NeutroN puIse Cs gettCNg absorbed CN t@e beaL stop w@Cc@
creates Iots of 𝛾 radCatCoN t@at Cs aIso detected. After t@Cs beaLstop peaG, t@e sCgNaI Cs bacG to
aLbCeNt bacGgrouNd IeveI. ?ere t@e tCLe wCNdow for t@e bacGgrouNd LeasureLeNt Cs pIaced.
WeCg@ted for t@e dCffereNt LeasureLeNt tCLes, t@e spectra obtaCNed CN t@e two tCLe wCNdows
caN be subtracted to get t@e bacGgrouNd free spectra of t@e decay products as s@owN CN FCgure 5.8.
5.2.6. Beamstop
T@e NeutroNs @ave to be stopped after t@ey @ave traversed t@e ceNtraI decay voIuLe. W@eN
NeutroNs are stopped by a LaterCaI wCt@ a @Cg@ absorptCoN, t@ey create secoNdary radCatCoN t@at
caN be detected CN our detectors. T@erefore t@e pIaceLeNt of t@e beaL stop Cs crucCaI. T@e sCgNaI
froL t@e beaLstop s@ouId Not arrCve sCLuItaNeousIy wCt@ t@e protoNs aNd NeutroNs froL t@e
decay voIuLe. PIacCNg t@e beaLstop too far away s@Cfts Cts sCgNaI CNto t@e tCLewCNdow CNw@Cc@
t@e bacGgrouNd Cs Leasured. T@ese coNsCderatCoNs Iead to t@e pIaceLeNt of t@e beaLstop cIose
to t@e exCt of t@e Iast part of Perkeo BBB aNd t@erefore uNder t@e dowNstreaLdetector. AN exterNaI
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FCgure 5.8.: TypCcaI spectra froL t@e sCgNaI aNd bacGgrouNd tCLe wCNdow. SubtractCNg t@e bacGA
grouNd reveaIs t@e eIectroN spectruL.
beaLstop Cs Not feasCbIe, sCNce t@e NeutroNs t@eN @ave to exCt t@e vaccuuL vesseI. BN t@Cs case a
NeutroN traNspareNt wCNdow Cs Needed, for exaLpIe Lade froL aIuLCNCuL.
BN t@e tCg@t space betweeN t@e beaLstop tube aNd t@e detector vesseI a sufficCeNt s@CeIdCNg for
t@e fast NeuroNs aNd gaLLaAradCatCoN @ad to be CNstaIIed.
AN addCtCoNaI dCsadvaNtage of t@e wCNdow Cs t@e possCbCICty of bacGscatterCNg NeutroNs CNto
t@e decay voIuLe. T@ese couId agaCN decay t@ere aNd produce uNfavourabIe NoN poIarCzed bacGA
grouNd to t@e orCgCNaI LeasureLeNt. T@e saLe probIeL caN be caused by t@e beaLstop CtseIf,
w@Cc@ caN be suppressed by aN advaNced desCgN.
T@e oId beaLstop of t@e prevCous LeasureLeNt couId Not be used sCNce Ct was Lade froL
stroNgIy outgassCNg coLpoNeNts. ?eNce a New beaLstop @ad to be coNstruced usCNg a U?V
suCtabIe LaterCaI. ?. SauI [Sau16] desCgNed t@e New beaLstop usCNg boroNAcarbCde as t@e abA
sorbCNg LaterCaI CN coNEuNctCoN wCt@ a NeutroN bacGscatterCNg suppressCNg structure CN froNt
Lade froL dCALet. T@e bacG pIate Cs supported froL t@e bacG aNd t@us exposes No ot@er LateA
rCaI to t@e NeutroN beaL. T@Cs preveNts t@e actCvatCoN of parts of t@e beaLstop. T@e bacGscatter
suppressCNg structure CN t@e froNt Cs sCLpIy stucG toget@er usCNg a set of sICts eICLCNatCNg t@e
Need for LetaI screws or ot@er LouNtCNg LaterCaI t@at couId be actCvated (see FCgure 5.9).
Haterw@CIe perforLCNg testLeasureLeNts of protoN sCgNaIs t@erewas t@e suspCcCoN t@at soLe
aIp@aApartCcIes are eLCtted froL t@e beaLstop. T@ose couId t@eN drCft towards t@e decay voIuLe
aNd produce faGe protoN sCgNaIs. BN order to stop t@ose, a t@CN aIuLCNCuL foCI was pIaced CN froNt
of t@e bacGApIate of t@e beaLstop.
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FCgure 5.9.: A pCcture of t@e bacGscatter suppressCNg part of t@e beaLstop CNsCde Perkeo BBB
5.3. The Perkeo III Spectrometer
T@e Perkeo BBB spectroLeter Cs t@e successor of Perkeo BB w@Cc@ was used CN t@e first deterLCA
NatCoN of t@e protoN asyLLetry. Bts Layor advaNtage Cs t@e CNcreased decay voIuLe wCt@ t@e
usage of a c@opper to precCseIy Leasure t@e tCLe depeNdeNt bacGgrouNd. T@Cs Ieads to a Layor
CNcrease CN statCstCcs w@CIe coNtroIICNg t@e systeLatCc effects [Kär06; KAD+09].
T@e spectroLeter Cs buCId froLwater cooIed square copper coCIs arouNd a NoNALagNetCc staCNA
Iess steeI vacuuL c@aLber. BN t@e staNdard coNfiguratCoN, t@e LagNetCc fieId streNgt@ Cs arouNd
150LT CN t@e ceNtraI part aNd 80LT at t@e detectors. OveraII sCze Cs about 8L × 3L × 3L aNd
Ct caN be separated CNto t@ree parts: t@e ceNtraI soIeNoCd aNd two syLLetrCc detector vesseIs.
W@eN dCsasseLbIed, t@e w@oIe systeL CNcIudCNg t@e water cooICNg cCrcuCt aNd t@e power supA
pICes caN be traNsported usCNg a staNdard 40TAtrucG. T@erefore t@e spectroLeter caN be CNstaIIed
at dCffereNt NeutroN sources aNd CN dCffereNt IaboratorCes CN order to test aNd CLprove t@e systeL.
5.3.1. Magnetic Field
T@e geNeraI s@ape of t@eLagNetCc fieId Cs defiNed by t@e ceNtraI voIuLe aNd t@e sAs@ape to guCde
t@e partCcIes to t@e detectors. BNsCde t@e ceNtraI voIuLe t@e LagNetCc fieId Cs arouNd 150LT
stroNg wCt@ a sLaII gradCeNt to sLaIIer vaIues at bot@ eNds of t@e ceNtraI voIuLe. T@Cs correA
spoNds to a gyratCoN radCus of about 𝑟𝑚𝑎𝑥𝑑𝑒𝑐𝑎𝑦 = 2.6 cL for eIectroNs wCt@ t@e LaxCLaI eNergy aNd
pCtc@ aNgIe. At t@e eNd of t@e ceNtraI voIuLe, t@e LagNetCc fieId ICNes are beNd upwards aNd
t@eN paraIIeI agaCN CN t@e detector vesseI. BN t@Cs traNsCtCoN regCoN t@e fieId streNgt@ Cs reduced
due to t@e coCI arraNgeLeNt. At t@e detector t@e fieId Cs coNfigured to about 80LT. ?ere t@e
LaxCLuL radCus of partCcIes arrCvCNg at t@e detector Cs approxCLateIy 𝑟𝑚𝑎𝑥𝑑𝑒𝑡 = 3.7 cL.
BN NoNAuNCforLLagNetCc fieIds, c@arged partCcIes be@ave as descrCbed CN c@apter 3. T@e faIICNg
LagNetCc fieId streNgt@ causes t@e gyratCoN radCC to CNcreasew@CIe t@e pCtc@ aNgeI decreases. T@Cs
acceIerates t@e drCftLoveLeNt away froL t@eLaxCLuL. BN t@e preseNce of aN eIectrCc fieId ot@er
forces start to act oN t@e c@arged partCcIes. T@ese CNcIude a 𝐸 × 𝐵 drCft for perpeNdCcuIar eIectrCc
fieIds aNd t@e 𝑅 × 𝐵 effect for partCcIes LovCNg oN curved fieId ICNes.
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T@e c@arged partCcIes are coIIected oNto t@e fieId ICNes wCt@CN t@e ceNtraI voIuLe. T@e sepA
aratCoN froL t@e NeutroN beaL Cs doNe by a doubIe curve t@at Ieaves t@e decay partCcIe beaL
paraIIeI s@Cfted above t@e NeutroN beaL. SCNce t@e partCcIes traEectorCes are beNt twCce t@e correA
spoNdCNg 𝑅 × 𝐵 drCft Cs coLpeNsated CN first order. T@e adCabatCc decrease of t@e LagNetCc fieId
towards t@e detector focusses t@e partCcIes forwards so t@ey caN CLpCNge t@e detector at @Cg@er
aNgIes of CNcCdeNce. T@Cs suppresses possCbIe bacGscatterCNg froL t@e detector surfaces.
AddCtCoNaIIy t@ose partCcIes t@at are eLCtted aILost perpeNdCcuIar to t@e LagNetCc fieId are
oNIy drCftCNg very sIowIy towards t@e detectors, sCNce t@e paraIIeI coLpoNeNt of t@eCrLoLeNtuL
Cs very sLaII. T@erefore t@eLagNetCc fieId sIowIy decreases to bot@ sCdes froL t@e ceNtraI voIuLe
to start focussCNg aNd acceIeratCNg t@ese partCcIes.
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FCgure 5.10.: KagNetCc FCeId (𝐵𝑧) CN t@e ceNtraI voIuLe Leasured oN 13 posCtCoNs. BN t@e read
ICNe a NoNAp@ysCcaI CNterpoIatCoN artefacts caN be seeN. CarefuI aNaIysCs of aII curves
s@ows t@at t@ere are No IocaI LCNCLa CN t@e ceNtraI voIuLe.
PossCbIe LCNCLa of LagNetCc fieId streNgt@ CN t@e ceNtraI voIuLe couId trap @Cg@ pCtc@ decay
products created CN t@e voIuLe arouNd t@eLCNCLuL. T@eses couId t@eN, after aN arbCtrary tCLe
CN t@e trap, be reIeased froL t@e trap by a coIICsCoN wCt@ a restAgas partCcIe. T@ose wCII t@eN Not
NecessarCIy oN t@e rCg@t detector accordCNg to t@eCr CNCtCaI dCrectCoN. T@ese LCNCLa are avoCded
by provCdCNg a sLaII but NoNAzero gradCeNt CN fieId streNgt@.
T@ese advaNtages outweCg@ t@e dCsadvaNtage of CNtroducCNg a LaEor systeLatCc effect caIIed
t@e LagNetCc LCrror effect. ?Cg@ pCtc@ partCcIes eLCtted towards t@e LagNetCc fieId LaxCLuL
wCII be reflected by t@e rCsCNg LagNetCc fieId aNd wCII be detected oN t@e wroNg detector.
CoLpared to ot@er LeasureLeNts wCt@ Perkeo BBB t@e curreNt detector Cs quCte sLaII (240LL
CNstead of 400LL) aNd t@erefore edge effects aNd aICgNLeNt probIeLs are becoLCNg Lore CLA
portaNt. AddCtCoNaIIy t@e traNsLCssCoN fuNctCoN of t@e retardatCoN systeL as weII as t@e fieId
degrader stroNgIy depeNd oN t@e GNowIedge of t@e LagNetCc fieId CN t@Cs regCoNs. T@ey operate
CN two very dCffereNt coLbCNatCoNs of t@e 𝐸 aNd 𝐵 fieIds. BNsCde t@e retardatCoN pIaNe t@e eIecA
trCc barrCer acts oNIy oN t@e paraIIeI coLpoNeNt of t@e aIready boosted LoLeNtuL aNd we are
CNterested CN t@e aNguIar dCstrCbutCoN aNd t@e eNergetCc spectruL of t@e traNsLCtted partCcIes. BN
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FCgure 5.11.: KagNetCc FCeId (𝐵𝑧) CN t@e dowNstreaL (HyoN) detector voIuLe Leasured oN 9 posCA
tCoNs.
coNtrast to t@at, CN t@e case of t@e fieId degrader t@e eIectrCc fieId Cs quCte stroNg aNd especCaIIy
betweeN degrader aNd retardatCoN Not aIways paraIIeI to t@eLagNetCc fieId ICNes. T@Cs causes secA
oNdary effects ICGe drCfts of t@e gyratCoN ceNter aNd t@erefore t@e eIectrCc fieId caNNot be CgNored
w@eN caIcuIatCNg t@e effect of t@e sLaII foCI as a baffle for t@e protoNs.
A sCLuIatCoN of t@e LagNetCc fieId Cs avaCIabIe froL t@e desCgN p@ase of t@e CNstruLeNt, but Ct
Cs GNowN to Not descrCbe aII features observed CN t@e reaI LagNetCc fieId. PrevCousIy t@Cs LodeI
was sufficCeNt, but CN order to caIcuIate our traNsLCssCoN fuNctCoNs a better LodeI @as to be coNA
structed. ?eNce soLe of t@e effects of t@e sCLuIatCoNs of t@e LagNetCc fieId @ave to be vaICdated
by LeasureLeNts. T@erefore we Leasured a Lap of t@e LagNetCc fieId CN t@e ceNtraI voIuLe
aNd CN t@e @orCzoNtaI parts of t@e detector vesseIs. AddCtCoNaIIy soLe poCNt LeasureLeNts @ave
beeN taGeN CN t@e separatCoN part especCaIIy wCt@ respect to t@e CNstaIIed eIectrode systeL. T@e
LeasureLeNt coIIected aII coLpoNeNts of t@e fieId vector aIoNg severaI tracGs t@roug@ t@e vacA
uuL c@aLber. BN coLparCsoN to earICer Laps of t@e LagNetCc fieId, we used a probe t@at was
capabIe of LeasurCNg at fuII LagNet streNgt@ to avoCd t@e Need for scaICNg. EveN t@oug@ t@Cs
probe Cs teLperature coLpeNsated we Iogged t@e probe teLperature t@roug@ aII LeasureLeNt
days. T@e precCse posCtCoN aIoNg t@e LaCN axCs of t@e spectroLeter was Leasured usCNg a Iaser
dCstaNce Leter wCt@ a precCsCoN of beIow 1LL. T@Cs s@ouId provCde eNoug@ data to vaICdate
aNy sCLuIatCoN of t@e LagNetCc fieId. A pIot of suc@ a sCNgIe LeasureLeNt Cs preseNted CN 5.13
s@owCNg t@e typCcaI raNge for eac@ coLpoNeNt (𝐵𝑥 ≈ 0.5LT, 𝐵𝑦 ≈ 5LT aNd 𝐵𝑧 ≈ 150LT). A
New fiNCte eIeLeNts sCLuIatCoN of t@e w@oIe LagNetCc fieId CNcIudCNg s@CeIdCNg aNd Leasured
coCI s@Cfts Cs curreNtIy prepared aNd vaICdated by D. Koser [Kos15].
5.3.2. Vacuum Requirements
To study t@e CNflueNce of t@e vacuuL quaICty oN t@e decay protoNs U. Sc@LCdt [Sc@15] CNvestCA
gated CNteractCoN of t@e decay protoNs wCt@ t@e rest gas LoIecuIes. T@e sCLuIatCoN software ????
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FCgure 5.12.: KagNetCc FCeId (𝐵𝑧) CN t@e ceNtraI voIuLe seeN CN t@e 𝑥A𝑦ApIaNe for severaI 𝑧 cuts.
SCLCIar fieId Laps aIso exCst for t@e detector vesseIs. T@e coIor scaIe raNges froL
140LT to 155LT (bIue to red).
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FCgure 5.13.: TypCcaI LeasureLeNt of a sCNgIe fieId profiIe. AII t@ree coLpoNeNts of t@eLagNetCc
fieId are recorded, as weII as t@e teLperature of t@e probe.
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[ZZB10] t@at caN caIcuIate t@e stoppCNg power of aNy CoN CN aNy LaterCaI was used. T@e caIcuA
IatCoNs assuLes 1 × 10−6Lbar water vapour aNd 4L flCg@t pat@. BN t@Cs regCLe t@e CNteractCoN
probabCICty rCses ICNear wCt@ flCg@t pat@ IeNgt@ aNd ICNear wCt@ t@e pressure. TabIe 5.1 preseNts
t@Cs resuIts for four dCffereNt protoN eNergCes. T@e vaIues for CoNCzatCoN of t@e rest gas are Eust
aN upper ICLCt.
protoN eNergy 50 eV 100 eV 200 eV 500 eV
reI. traNsLCssCoN 0.999 68 0.999 79 0.999 93 0.999 96
reI. bacGscatterCNg 2.20 × 10−4 2.15 × 10−4 7.50 × 10−5 4.00 × 10−5
reI. CoNCzatCoN 4.10 × 10−4 3.30 × 10−4 3.05 × 10−4 3.30 × 10−4
TabIe 5.1.: BNteractCoN probabCICty of protoNs CN 1 × 10−6Lbar water vapor for a flCg@t pat@ of 4L.
SCLuIatCoN by [Sc@15] usCNg TRIM [ZZB10]
AIso t@e eNergy spectruL of t@e traNsLCtted aNd bacGscattered protoNs caN be extracted froL
t@e sCLuIatCoN. For a sCNgIe eNergy of 200 eV t@Cs spectra are s@owN CN FCgure 5.14. For t@Cs LeaA
sureLeNt of t@e protoN asyLLetry, t@e ac@Ceved vacuuL Cs sufficCeNt, but for future LeasureA
LeNts t@at aCL at <10 × 10−3 accuracy, oNe s@ouId CNvestCgate t@ose effects furt@er aNd CLprove
t@e vacuuL.
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FCgure 5.14.: ENergy spectruL of 200 eV protoNs for traNsLCssCoN (CN bIue) aNd bacGscatterCNg
(CN yeIIow) froL t@e saLe sCLuIatCoN as CN TabIe 5.1.
T@e reaI pressure durCNg t@e Iast beaLtCLe was LoNCtored wCt@ two coId cat@ode gauges.
ONe was attac@ed dowNstreaL aNd t@e ot@er at t@e upstreaL eNd of Perkeo BBB. A pIot of t@e
pressure caN be fouNd CN FCgure A.1 CN AppeNdCx A. We @ad to swCtc@ t@e cat@odes off w@CIe
LeasurCNg t@e protoN asyLLetry, but at t@e eNd of t@e beaLtCLe we reac@ed a fiNaI pressure of
5 × 10−7Lbar oN oNe seNsor aNd 7 × 10−7Lbar oN t@e ot@er.
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5.3.3. Background and Shielding
SCNce LaNy parts CN t@e beaL ICNe absorb parts of t@e NeutroN beaL, t@ey produce radCatCoN
t@at @as to be s@CeIded. EspecCaIIy t@e 𝛾 radCatCoN couId reac@ t@e detector aNd are detected as
bacGgrouNd. T@e parts t@at are exposed to t@e bCggest flux of NeutroNs are t@e veIocCty seIector
aNd t@e poIarCzer. T@ose are eNcIosed by t@e caseLatte aNd are t@erefore especCaIIyweII s@CeIded.
T@e furt@er beaLICNe wCt@ t@e apertures was covered CN a s@CeIdCNg Lade froL Iead aNd boroN
eNrCc@ed pIastCc. T@e streNgt@ of t@e s@CeIdCNg was coNstraCNed by t@e requCreLeNts of t@e radCoA
protectCoN servCce to act as a bCoIogCcaI s@CeIdCNg.
AN addCtCoNaI source of bacGgrouNd Cs t@e beaLstop. T@e s@CeIdCNg towards t@e dowNstreaL
detector Cs especCaIIy dCfficuIt because t@ey are cIose to eac@ ot@er aNd t@ere Cs Not Luc@ space
CN betweeN t@e beaLstop tube aNd t@e detector vesseI. ?ere a tabIe was coNstructed aNd pacGed
wCt@ Iead aNd pIastCc.
Ot@er bacGgrouNd sources are t@e NeCg@bourCNg experCLeNts CN t@e guCde @aII. T@Cs bacGA
grouNd caNNot be coNtroIIed, but Cs Leasured coNtCNuousIy CN eac@ c@opper cycIe.
5.3.4. Changes to the Spectrometer
SeveraI c@aNges to t@e spectroLeter were Necessary to be abIe to detect protoNs. BN order to pIace
t@e detector CNsCde t@e spectroLeter, t@e orCgCNaI flaNge wCt@ a dCaLeter of about 500LL at t@e
bacG of t@e detector vesseI @ad to be repIaced. A New rectaNguIar vacuuL flaNge was CNstaIIed
CN Cts pIace. T@Cs New opeNCNg Cs Now 540LL × 470LL bCg aNd aIIows t@e CNstaIIatCoN of t@e
w@oIe detector systeL. CoLpared to t@e CNNer sCze of t@e detector vesseI of 596LL × 526LL
t@Cs was t@e LaxCLuL opeNCNg t@at couId be LaNufactured CNto t@e bacGpIate of t@e vacuuL
vesseI.
T@e goaI of ac@CevCNg aN UItra ?Cg@ VacuuL CNsCde t@e spectroLeter Iead us to t@e reLovaI of
aII vCtoN seaIs. AII parts of t@e spectroLeter, wCt@ t@e exceptCoN of t@e c@opper aNd t@e beaLstop
flaNge, are Now coNNected wCt@ LetaI seaIs. T@e bCg parts are EoCNed by aN aIuLCNCuL seaI t@at
was prepared durCNg coNstructCoN but was Now used for t@e first tCLe. A sCLCIar seaI was used at
t@e New detector flaNgew@Cc@ CtseIf was equCppedwCt@ a staNdard CFA250 flaNge. AII addCtCoNaI
accessory flaNges of t@e spectroLeter are CFA250 flaNges wCt@ copper seaIs.
T@Cs aIIowed us to equCp t@e bot@ detector parts of t@e spectroLeter wCt@ @eatCNg baNds CN
order to be abIe to speed up t@e outgassCNg aNd puLpCNg of t@e vacuuL. ON t@e ceNtraI soIeNoCd
@eatCNg baNds were aIready CNstaIIed CN t@e CNCtCaI asseLbIy of t@e LagNet. AddCtCoNaIIy, for t@e
first tCLe a cryogeNCc vacuuL puLp was coNNected to Perkeo BBB.
SCNce t@e addCtCoNaI traNsversaI rectaNguIar c@aLbers of t@e spectroLeter were Not Needed
for t@e New detector we repIaced t@eL wCt@ sCLpIe flaNges. For t@e first tCLe aII accessory
flaNges were equCppedwCt@ eCt@er turboLoIecuIar vacuuLpuLps, vacuuL gauges or eIectrCcaI
feedt@roug@s.
5.4. High Voltage (HV) Systems
T@e @Cg@ voItage systeL was a LaEor source of uNcertaCNty CN t@e Iast LeasureLeNt of B aNd C.
SoLe sources of CNstabCICty were suspected to orCgCNate CN t@e @Cg@ voItage parts or CN coNverted
CoNs froL t@e restAgas. SCNce t@e desCgN of Perkeo BB pIaced t@e detectors very cIose to t@e decay
voIuLe, t@e ?VAsysteL @ad to be very coLpact. T@erefore t@e foCI was dCrectIy suspeNded froL
a @oIder t@at was set to a @Cg@ poteNtCaI. T@e eIectroN detector wCt@ Cts aIuLCNCuL surface was
pIaced quCte cIose to t@e foCI as oNe of t@e grouNdCNg eIectrodes. ON t@e ot@er sCde of t@e foCI,
t@e cIose proxCLCty of t@e decay voIuLe Lade Ct Necessary to reduce t@e eIectrCcaI fieId CN a
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coNtroIIed way to zero CN order to Not dCsturb t@e CNCtCaI aNguIar dCstrCbutCoN of t@e protoNs. A
set of t@CN wCre grCds was t@erefore CNstaIIed to reduce t@e resCduaI eIectrCc fieId CN t@e decay
voIuLe.
T@eLuc@ bCgger detector vesseIs of Perkeo BBB aIIowed a coLpIeteIy New desCgN of t@e systeL.
T@e @Cg@ eIectrCc poteNtCaI of t@e foCI Cs Now raCsed CN a coNtroIIedLaNNer over a dCstaNce of about
25 cL by a serCes of eIectrodes. T@Cs desCgN Cs Luc@ Iarger but was t@oug@t to be Lore stabIe.
AddCtCoNaIIy t@e free space CN t@e traNsCtCoN part of t@e spectroLeter aIIowed t@e CNstaIIatCoN of
t@e retardatCoN eIectrode systeL. T@Cs Cs a New coNcept sCNce t@e prevCous LeasureLeNt of C
couId Not separate t@e effects of t@e protoNs aNd eIectroNs t@at easCIy. T@e retardatCoN systeL
aIIows to Leasure wCt@ partCaIIy bIocGed protoNs to study t@e eNergy depeNdeNce of t@e protoN
asyLLetry.
5.4.1. Conversion Foil Supporting High Voltage System
T@e @Cg@ voItage systeL was desCgNed by P. HeNNert froL t@e P@ysCGaICsc@es BNstCtut. [HeN14]
T@e LaCN Cdea was to coNstruct a sLoot@ aNd coNtroIIed gradCeNt usCNg a set of eIectrodes oN
CNterLedCate voItages. T@Cs systeL Cs caIIed ”fieId degrader” or Eust s@ort ”degrader” aNd B wCII
coNtCNue to use t@Cs NaLe to cIearIy dCstCNguCs@ Ct froL t@e (retardatCoNA) eIectrode systeL.
DesCgN gradCeNt Cs arouNd 1 GV cL−1 w@Cc@ Cs reaICzed by a syLLetrCc setup of 15 eIectrodes
oN eac@ sCde of t@e ceNtraI foCI @oIdCNg eIectrode. CoNsCderCNg t@at t@e ?V @as to be fed CNto
t@e vacuuL c@aLber, t@e degrader Cs sourced by oNIy oNe voItage. A serCes of ?VAresCstors,
coNfigured as voItage dCvCders, coNNect t@e eIectrodes to t@e ceNtraI foCI voItage. T@e w@oIe
systeL Cs @eId toget@er by four ceraLCc rods CN eac@ corNer. T@e eIectrodes are CsoIated agaCNst
eac@ ot@er by tefloN dCsGs restCNg oN t@ose rods. BsoIatCoN to t@e surrouNdCNg vacuuL vesseI Cs
ac@Ceved usCNg copper pIated LyIar foCIs. T@ose are coNNected so t@at aII poteNtCaI dCffereNces
appear oNIy vCa t@e LyIar Iayer aNd Not vCa t@e vacuuL. T@Cs s@ouId eICLCNate flas@ over arcs
or fieId eLCssCoNs CN t@e tCg@t spaces.
T@e CNNer opeNCNg of t@e degrader Cs 33 cL wCde aNd @Cg@. ON t@e ceNtraI eIectrode t@e foCI Cs
CNstaIIed oN a pIate wCt@ a @oIe depeNdCNg oN t@e foCI sCze.
T@e systeL was tested oN aCr aNd CN vacuuL to be stabIe up to at Ieast 35 GV. A furt@er test
was Not possCbIe sCNce t@Cs was t@e LaxCLuL voItage of our power suppICes. UNfortuNateIy t@e
systeLwas Iess stabIe w@eN Ct was used CN t@e fiNaI coNfiguratCoN. TurNCNg oN t@eLagNetCc fieId
destabCICzed bot@ degraders aNd t@eLaNy voItage drops wCt@ trCppCNg curreNt protectCoN forced
us to reduce t@e voItages. AddCtCoNaIIy we saw a @Cg@ rate of Iow eNergetCc bacGgrouNd oN bot@
detectors. T@Cs couId be caused by Iow eNergetCc eIectroNs froL fieId eLCssCoN froL s@arp edges
or corNers, or eveN dCrect ICg@t froL flas@es or sLaII dCsc@arges.
BN t@e tCLe betweeN t@e beaL tCLes severaI CLproveLeNts to t@e degrader @ad to be CLpIeA
LeNted. W@CIe CNspectCNg t@e systeL we fouNd t@at oNe CsoIator @ad sCgNs of a flas@ over arc.
WCt@ t@e goaI to CNcrease t@e dCstaNce for surface curreNts oN t@e CsoIators, t@ey were aII dCsA
LaNtIed aNd @ad severaI approxCLateIy 1LL deep aNd wCde treNc@es cut CNto t@eCr surface. At
t@e saLe tCLe t@ey were cIeaNed t@oroug@Iy to decrease t@e outgassCNg CN order to CNcrease t@e
vacuuL coLpatCbCICty.
ONe suspected source of t@e Iow eNergetCc bacGgrouNd sCgNaI was fieId eLCssCoNs froL s@arp
edges at @Cg@ voItage. T@Cs proLpted us to reworG aNd poICs@ aII t@e edges of t@e eIectrodes oN
t@e CNsCde of t@e fieId degrader. Due to tCLe coNstraCNts t@Cs couId Not be coLpIeteIy fiNCs@ed
for oNe degrader.
ANot@er suspCcCoN was t@e possCbCICty of trapped partCcIes t@at traveI oN t@e LagNetCc fieId
ICNes aNd are coNstraCNed by t@e eIectrCc fieId of bot@ fieId degraders. T@e teLporary CNstaIIatCoN
of a very coarse aNd CrreguIar grCd CN t@e ceNtraI voIuLe stabCICzed t@e degraders so Luc@, t@at
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FCgure 5.15.: CrossAsectCoN of t@e LCddIe eIectrode of t@e degrader systeL
(a) Degrader wCt@ sLaII foCI as seeN froL t@e detector (b) VoItage dCvCder aNd BsoIator
FCgure 5.16.: T@e Ieft pCcture s@ows t@e degrader systeLwCt@ a sLaII foCI CNstaIIed. T@e dCffereNt
eIectrodes used to raLp up t@e poteNtCaI caN be seeN oN t@e CNsCde of t@e systeL.
T@e rCg@t pCcture s@ows a cIose up of t@e aIready CLproved CsoIatCNg rCNgs aNd t@e
resCstors of t@e voItage dCvCder.
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a sCLuItaNeous operatCoN at voItages above 15 GV wCt@ LagNetCc fieId was possCbIe. T@Cs resuIt
started t@e desCgN aNd coNstructCoN of two very t@CN reguIar oNe dCLeNsCoNaI grCds t@at were
CNstaIIed CN eac@ retardatCoN eIectrode systeL (see subsectCoN 5.4.3).
To preveNt Iow eNergetCc partCcIe eLCssCoNs froLoNe of t@e outer eIectrodes, a sLaII addCtCoNaI
baffle was LouNted at t@e exCt of t@e fieId degrader. T@e very Iow eNergetCc partCcIes @ave very
sLaII gyratCoN radCC aNd couId be absorbed by t@Cs baffle.
5.4.2. Conversion Foil
T@e coNversCoN foCI Cs aN CNtegraI part of t@e detectCoN systeL. UNfortuNateIy Ct was aIso t@e part
of t@e detector t@at caused t@e Lost probIeLs aNd Cts sCze LCg@t ICLCt t@e fiNaI resuIt of t@Cs
LeasureLeNt.
EarICer desCgNs of protoN coNversCoN foCIs systeLs used by D. ReCc@ ([ReC99]), K. Freuz ([Fre04])
aNd K. Sc@uLaNN ([Sc@07]) optCLCzed t@e t@CcGNess to about 20μg cL−2. T@Cs foCI was coated
wCt@ MgO.
BN t@e Perkeo BBLeasureLeNt ofC t@e foCI @ad a sCze of 120LL × 90LL. We orCgCNaIIy pIaNed
to use a foCI sCze of 220LL × 220LL, but productCoN aNd traNsport probIeLs forced us to LeaA
sure wCt@ Luc@ sLaIIer foCIs. SoLe tests were doNe wCt@ t@e saLe foCI @oIders as t@e Perkeo BB
LeasureLeNt aNd t@e fiNaI LeasureLeNt eveN wCt@ a sLaIIer foCI of sCze 110LL × 80LL wCt@
aN edge radCus of 5LL. AddCtCoNaIIy Ct was Not possCbIe to produce coated foCIs, sCNce t@eywere
extreLeIy fragCIe. T@erefore we oNIy used bare carboN foCIs.
T@e foCI oNIy stCcGs to t@e aIuLCNCuL @oIder aNd t@e edge of t@e foCI caN be cruLpIed or parA
tCaIIy peeI off aNd poCNt CNto t@e eIectrCc gradCeNt. T@Cs LCg@t reIease eIectroNs froL t@e foCI CN
t@e forL of fieId eLCssCoNs. ?eNce we couNtered t@e foCI wCt@ aN eLpty foCI @oIder. AddCtCoNaIIy
aII edges of t@e foCI @oIdCNg systeL were rouNded off aNd poICs@ed.
5.4.3. Retardation Electrodes
FCgure 5.17.: PosCtCoN aNd worGCNg prCNcCpIe of t@e retardatCoN eIectrode systeL [FIo15]
BetweeN t@e ceNtraI decay voIuLe aNd t@e detector vesseI a systeL of retardatCoN eIectrodes Cs
CNstaIIed. T@Cs systeL was desCgNed by K. FIopf of our CoIIaboratCoN aNd coNsCsts of 12 rectaNA
guIar EIectrodes t@at caN be coNtroIIed CNdCvCduaIIy wCt@ voItages up to 2 GV. Eac@ eIectrode @as
Cts owN vacuuL feedt@roug@ as weII as a seNsCNg ICNe. Two eIectrodes are spICt CN order to be abIe
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to create a ort@ogoNaI eIectrCc fieId to eLpty possCbIe partCcIe traps wCt@ 𝐸 × 𝐵 drCfts. But t@ose
@ad No CNflueNce oN our Leasured bacGgrouNd rates. T@e eIectrostatCc fieId arouNd t@e ceNter
eIectrode Cs used to bIocG t@e protoNs oN t@eCr way to t@e detector as depCcted CN FCgure 5.17.
By seIectCNg t@e approprCate voItages oN t@e ot@er eIectrodes t@e poteNtCaI barrCer caN be
s@aped. T@e optCLaI coNfiguratCoNs were deterLCNed by sCLuIatCoNs. Bt @ad to be eNsured t@at
No resCduaI eIectrCc fieId eNters t@e decay voIuLe, because t@Cs wouId dCsturb t@e aNguIar dCstrCA
butCoNs of t@e protoNs. ON t@e ot@er sCde of t@e retardatCoN systeL, t@e Iast eIectrodes CNteract
wCt@ t@e @Cg@ voItage froL t@e fieId degrader. T@e Iast eIectrode Cs t@erefore grouNded.
FCgure 5.18.: SCLuIated spectra of t@e protoNs after a retardatCoN systeL.
BNsCde t@e eIectrode wCt@ t@e @Cg@est voItage, CN t@e retardatCoN pIaNe, a grCd Lade of 25μL
t@CcG aIuLCNCuL wCres wCt@ a pCtc@ of 5LL was CNstaIIed. T@Cs grCd LaGes t@e fieId CN t@e
retardatCoNpIaNeLore @oLogeNeous aNd aIIows a coLpIete bIocGCNg of protoNs across t@e pIaNe
wCt@ Iower voItages appICed to t@e ceNtraI eIectrode.
T@e coLbCNed effect of t@eLagNetCc aNd t@e eIectrostatCc fieId @as to be sCLuIatedwCt@ a fiNCte
eIeLeNt sCLuIatCoN CN order to be abIe to descrCbe t@e effect oN t@e protoNs. A fuII bIocGCNg or a
free passage of t@e protoNs does Not requCre t@Cs caIcuIatCoNs, w@Cc@ aIIows a basCc LeasureLeNt
of t@e protoN asyLLetry wCt@out too LaNy KoNte CarIo correctCoNs. A first sCLpIe caIcuIatCoN
of suc@ traNsLCssCoN fuNctCoNs caN be fouNd CN FCgure 5.18.
5.5. The Electron Detector
SCNce t@e coNstructCoN of t@e eIectroN detector was aN CLportaNt part of t@Cs t@esCs, Ct wCII be
descrCbed CN detaCI CN t@e foIIowCNg c@apter 6. PrCLary coLpoNeNts of t@e detector are t@e pIastCc
scCNtCIIator, t@e ICg@t guCdes aNd eCg@t p@otoALuItCpIyCNg tubes (PKTs).
T@e detector Cs grouNded by a traNspareNt coNductCve coatCNg aNd serves as a refereNce poCNt
for t@e acceIeratCoN voItage. EIectroNs aNd 𝛾 partCcIes are stopped CN t@e scCNtCIIator w@ere t@ey
eLCt ICg@t of a specCfic spectruL. T@Cs ICg@t Cs t@eN coupIed CNto t@e ICg@t guCdes t@at traNsport
t@e scCNtCIIatCoN ICg@t to t@e PKTs. T@e p@otoNs eNter t@e PKT vCa a gIass wCNdow aNd GNocG out
eIectroNs out of t@e cat@ode. BNsCde t@e PKTs a cascade of @Cg@ voItage eIectrodes Cs t@eN used
to LuItCpIy t@e eIectroNs. T@e resuItCNg c@arge Cs proportCoNaI to t@e CLpCNgCNg ICg@t CNteNsCty.
T@e @ousCNg of t@e PKTs Cs water cooIed wCt@ a U?V tCg@t water systeL. Eac@ detector Needs
eCg@t S?V aNd eCg@t BMC feedt@roug@s as weII as t@e water cooICNg feedt@roug@s. AddCtCoNaIIy
oN eac@ detector t@ere were two PTA100 teLperature resCstors coNNected.
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5.6. Event Based Data Acquisition
FCgure 5.19.: T@e coNfiguratCoN of t@e eIectroNCcs of t@e experCLeNt [RoC15]
T@e c@arge sCgNaIs froL t@e PKTs arrCve CN t@e eIectroNCcs cabCNet aNd are spICt usCNg a ICNear
faN out. ONe part of t@e sCgNaI Cs t@eN fed CNto t@e coNstaNt fractCoN dCscrCLCNator t@at trCggers
t@e dCgCtaI aNd aNaIogue eIectroNCcs t@at @aNdIe t@e sCgNaI. T@Cs trCgger sCgNaI of aII PKTs Cs fed
CNto t@e FPGA (FCeId PrograLLabIe Gate Array) systeL t@at CLpIeLeNts t@e coCNcCdeNce uNCt.
Bf a coCNcCdeNt sCgNaI oN two or Lore sCdes of t@e scCNtCIIator (eac@ at Ieast oNe PKT) Cs detected,
a gate aNd veto sCgNaI are geNerated. T@ose actCvate t@e CNtegratCoN of aII QDCs (c@arge to dCgCtaI
coNverter) of bot@ detectors. T@eN t@e aNaIogue sCgNaI arrCves after beCNg @eId CN t@e deIay cabIes.
T@ose QDCs are read out by t@e FPGA systeL aNd t@e data Cs seNd to t@e LeasureLeNt PC vCa
aN optCcaI ICNG. UsuaIIy two saLpIes per PKT are stored, oNe Eust before t@e CNtegratCoN aNd
aNot@er as t@e true LeasureLeNt vaIue. T@Cs secoNd saLpIe caN be used aIoNe as Ct was doNe CN
t@e Iast beaLtCLe. ONe caN aIso worG wCt@ t@e dCffereNce of t@ose CN order to avoCd t@e baseICNe
CN t@e aNaIysCs. T@Cs systeL worGs weII CNto t@e 10s of G?z eveNt rates.
T@e ADC cards @ave beeN deveIoped for t@e prevCous Perkeo BBB LeasureLeNt aNd are deA
scrCbed by ?. Kest [Kes11]. T@e eIectroNCcs systeL of t@Cs LeasureLeNt wCII be descrCbed CN
Lore detaCI by Ly coIIeague C@. RoCcG CN @Cs t@esCs [RoC17] as @e deveIoped t@e fiNaI coNfiguA
ratCoN of t@e eIectroNCcs as weII as t@e readout aNd LeasureLeNt prograL. Bt Cs prograLLed
CN C++ aNd Cs used to coNtroI aNd coNfigure t@e w@oIe readout eIectroNCcs. SeveraI couNters
provCde t@e tCLCNg CNforLatCoN CN coarse or fiNe resoIutCoN of up to 0.8 Ns.
Data Cs stored CN cycIes t@at eac@ coIIect t@e data of 700 c@opper turNs aNd Iast for approxCA
LateIy 9.5 s. ECg@t cycIes are coLbCNed to buCId a spCNAflCpper patterN (01101001 or 10010110) aNd
severaI (usuaIIy 1 to 4) flCpper patterN are grouped toget@er CN a fiIe. At t@e begCNNCNg aNd t@e
eNd of a fiIe a pedestaI LeasureLeNt Cs perforLed. At a first step of every cycIe t@e voItages of
t@e retardatCoN eIectrodes are Leasured.
Kost fiIes are fiIes wCt@ a fixed coNfiguratCoN of t@e retardatoN eIectrodes but CN order to obA
serve t@e effects of t@e raLpCNg t@e eIectrodes t@Cs Cs doNe w@CIe data taGCNg. T@erefore t@ere
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FCgure 5.20.: Sc@eLatCc of t@e QDC card froL [Kes11]
are fiIes wCt@ c@aNgCNg eIectrode coNfiguratCoNs. T@ose are caIIed raLpCNg fiIes. SCNce t@e power
suppICes of t@e eIectrodes are quCte fast, soLe cycIes CN t@ese fiIes are aIready vaICd cycIes of t@e
target voItage. T@ese vaICd cycIes are aIways at t@e eNd of a flCpper patterN, so usCNg t@e raLpCNg
fiIes couId CNtroduce a bCas. Bf t@ose raLpCNg fiIes are sGCpped t@Cs wCII be caIIed ’NO_RAMPING’.
Eac@ data fiIe @as t@e forLat of a ”root TFCIe” coLpatCbIe wCt@ t@e CERM ROOT data aNaIysCs
prograL. Bt was geNerated wCt@ a stabIe versCoN of root5 [BR97]. Data Cs stored CN dCffereNt
trees, t@e Lost CLportaNt oNe beCNg t@e data tree t@at coNtaCNs aII CNforLatCoN for t@e eveNts (see
HCstCNg 5.1).
BLportaNt CNforLatCoN of eac@ eveNt are t@e vaIues froL t@e ADCs for bot@ saLpIes, t@e CNA
forLatCoN w@Cc@ detector trCggered first, t@e trCgger tCLe of t@e eveNt aNd t@e TDC data for aII
t@e PKTs.
SCLCIar trees exCst for t@e c@opper LoNCtorCNg, t@e cycIe CNforLatCoN, t@e pedestaI LeasureA
LeNts aNd t@e Leasured vaIues of t@e retardatCoN systeL.
BN t@e detaCIed aNaIysCs of t@e data froL t@e 2008/09 beaL tCLe ([Kes11]) soLe rate depeNdeNt
effects were fouNd CN t@e ADC cards. T@ose wCII be pubICs@ed CN [Sau16] aNd s@ouId Not pIay
aNy roIe at t@e precCsCoN of t@Cs protoN LeasureLeNt.
DurCNg t@e w@oIe LeasureLeNt caLpaCgN we coIIected 1015 GB of data (60% systeLatCc tests
aNd 40% data for t@e aNaIysCs). AddCtCoNaIIy 50 GB of detector caICbratCoN data were recorded.
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***************************************************************************
*Tree :dataTree : Data *
***************************************************************************
*Br 0 :Cycle : Cycle/i *
*Br 1 :PMT : PMT[16][2]/S *
*Br 2 :DetSum : DetSum/I *
*Br 3 :Detector : Detector/b *
*Br 4 :CoinTime : CoinTime[2]/i *
*Br 5 :TriggerTime : TriggerTime/i *
*Br 6 :DeltaCoinTime : DeltaCoinTime/i *
*Br 7 :DeltaTriggerTime : DeltaTriggerTime/i *
*Br 8 :TDC : TDC[72]/I *
*Br 9 :ChopperTime : ChopperTime/i *
*Br 10 :SpinFlip : SpinFlip/O *
*Br 11 :EventNumber : EventNumber/i *
*Br 12 :TypeGuess : TypeGuess/b *
*Br 13 :RelatedEventGuess : RelatedEventGuess/i *
*.........................................................................*
HCstCNg 5.1: AvaCIabIe data braNc@es for eac@ eNtry CN t@e dataTree
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6. Design and Construction of the
Electron Detector
T@e desCgN of t@e detector Cs based oN t@e earICer detectors used CN t@e dCffereNt Perkeo experCA
LeNts but aILost aII coLpoNeNts @ave beeN CLproved.
T@e scCNtCIIator Cs Now t@e Lore teLperature resCstaNt type BCA440 [SaC14] aNd coated wCt@ a
traNspareNt coNductCve coatCNg t@at was specCficaIIy Latc@ed to LaxCLCze t@e CNterNaI reflectCvA
Cty. For t@e first tCLe, weLaNufactured t@e ICg@t guCdes usCNg a fiveAaxCs LCIICNg process CN order
to reduce LaNufacturCNg varCabCICty. AddCtCoNaIIy t@e s@ape of t@e ICg@t guCdes @as beeN sCLuA
Iated exteNsCveIy to equaICze t@e Iosses for eac@ subAstrCp. T@e scCNtCIIator Cs read out froL aII four
sCdes to CNcrease t@e ICg@t output aNd t@erefore CLprove t@e Iow eNergy respoNse of t@e detector.
W@eN usCNg a 4AsCde readout, oNe @as to pay specCaI atteNtCoN to Not dCsturb t@e @oLogeNeCty of
t@e 2DArespoNse of t@e detector aNd Ieave a gap CNAbetweeN t@e scCNtCIIator aNd t@e ICg@t guCde.
BNsCde t@e vacuuL vesseI t@ere Cs eNoug@ space for a pIaNar detector wCt@ two sCded readout,
but for a fourAsCded readout t@e ICg@t guCdes @ad to be beNd to be abIe to pIace everyt@CNg CNsCde.
T@Cs aII toget@er gCves @ard coNstraCNts oN t@e desCgN of t@e detector support systeL. ON t@e
detector asseLbIy t@e PKTs are supported CN a steeI @ousCNg t@at caN be waterAcooIed CN order
to stabCICze t@e gaCN agaCNst t@e daCIy drCfts due to t@e @Cg@ spread CN teLperatures CN t@e guCde
@aII. To coNvert t@e p@otoNs, t@Cs detector uses t@e R5504 aNd R5924 PKTs produced by ?aLaA
Latsu. T@e PKTs @ave productCoN years stretc@CNg froL 1999 to 2015 aNd s@ow dCffereNt stages
of ageCNg. T@erefore t@e reIatCve caICbratCoN was c@aIIeNgCNg.
T@e coNstructCoN of t@e detector @ad t@ree LaEor steps. FCrst a suCtabIe coatCNg @ad to be fouNd
t@at eNabIes t@e fourAsCde readout, t@eN t@e beNt ICg@t guCdes @ad to be sCLuIated aNd desCgNed
aNd fiNaIIy a support structure @ad to be desCgNed CNcIudCNg t@e PKT cooICNg.
6.1. Comparing the Current Detector to the Previous
Perkeo II Detector
T@e detector used CN t@e Iast LeasureLeNt of t@e protoN asyLLetry was aIso based oN a scCNtCIA
Iator. To provCde a grouNd eIectrode for t@e acceIeratCoN voItage, t@e froNt of t@e scCNtCIIator was
coated wCt@ about 50 NL of aIuLCNCuL. AIuLCNCuL reduces t@e reflectCvCty of t@e scCNtCIIatorA
vacuuL CNterface so Luc@, t@at a scCNtCIIator readout froL t@e edges Cs No IoNger feasCbIe. T@ereA
fore t@e sCx PKTs were pIaced oN t@e bacG sCde of t@e scCNtCIIator. T@e t@CN (5LL) scCNtCIIator
does Not dCstrCbute t@e ICg@t good eNoug@ IeadCNg to a CNsufficCeNt @oLogeNeCty of t@e detector.
AddCNg a bIocG of 3 cL t@CcG pIexCgIas betweeN t@e scCNtCIIator aNd t@e PKTs was oNe of t@e
CLproveLeNts t@at aIIowed t@e fiNaI LeasureLeNt. AddCtCoNaIIy t@e exposed pIexCgIas betweeN
t@e PKTs was paCNted wCt@ reflectCve paCNt. T@e sCze of t@e detector was (13 × 19) cL2 wCt@ a
sICg@tIy sLaIIer coNversCoN foCI sCze [Fre04; Sc@07].
T@e sCze of t@e eIectroN/protoN beaL CN Perkeo BBB aNd t@e Need for a good Iow eNergy perforA
LaNce of t@e detector deterLCNed t@eLaCN desCgN crCterCa for t@e New coLbCNed eIectroN protoN
detector. AIso t@e New detector s@ouId be desCgNed to ft as a detector for future LeasureLeNts
at t@e New experCLeNt PERC. Readout s@ouId be swCtc@ed to a edge readout of t@e scCNtCIIator
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FCgure 6.1.: PCcture of t@e fiNaI detector asseLbIy CNcIudCNg water cooICNg
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6.2. Four-Side Readout
CN order to CNcrease t@e spacCaI @oLogeNeCty of t@e detector. AddCtCoNaIIy extractCNg t@e ICg@t
froL t@e scCNtCIIator oN aII four sCdes caN CNcrease t@e aLouNt of ICg@t detected CN t@e PKTs aNd
t@erefore CLprove t@e Iow eNergy respoNse. T@Cs requCred us to fiNd a New, Lore suCtabIe eIectrCA
caIIy coNductCve coatCNg. T@e sCze of t@e detector was pIaNNed to use Lost of t@e avaCIabIe space
CN t@e detector vesseI w@CIe aIIowCNg eNoug@ rooL to s@Cft Cts posCtCoN by a few cL CN order to
accouNt for s@Cfts of t@e beaLs of decay partCcIes.
6.2. Four-Side Readout
T@e crCtCcaI aNgIe of t@e totaI reflectCoN (defiNed agaCNst t@e NorLaI of t@e coNtact surface) Cs
caIcuIated froL t@e refractCve CNdex of t@e LaterCaI as
sCN(𝜃𝑐𝑟𝑖𝑡) = 1/𝑛 = 1/1.59 t@erefore 𝜃𝑐𝑟𝑖𝑡 ≈ 39° (6.1)
BN order to CNcrease t@e ICg@tAoutput, t@e scCNtCIIator Cs read out froL aII four sCdes. ONe @as to
pay specCaI atteNtCoN to @oLogeNCze t@e 2DArespoNse. Bf t@e ICg@t guCdes are Eust dCrectIy attac@ed
to t@e scCNtCIIator t@e probabCICty of t@e ICg@t to arrCve CN aNy of t@e PKTs stroNgIy depeNds oN
t@e posCtCoN. EspecCaIIy off ceNter posCtCoNs Ioose Luc@ of t@eCr ICg@t as seeN CN t@e exaLpIe CN
FCgure 6.2. BN t@Cs exaLpIe t@e ICg@t t@at Cs eLCtted CN t@e bottoL rCg@t dCrectCoN IeavCNg t@e
systeL vCa t@e sCde of t@e rCg@t ICg@tAguCde CNstead of t@e bottoL sCde of t@e scCNtCIIator. BN a twoA
sCded readout t@Cs ICg@t wouId reflect aNd exCt t@e scCNtCIIator t@roug@ t@e bottoL ICg@tAguCde.
BN a twoAsCde readout Lost of t@e Iost aNgIes wouId reflect at t@e scCNtCIIatorAvacuuL CNterface
aNd be detected oN a perpeNdCcuIar sCde. T@Cs probIeL of spacCaI CN@oLogeNeCty caN be soIved
by CNtroducCNg a gap betweeN t@e scCNtCIIator aNd t@e ICg@t guCdes.
BN suc@ a coNfiguratCoN every ray CLpCNgCNg steeper t@aN t@e crCtCcaI aNgIe caN pass t@e bouNdA
ary. Rays wCt@ grazCNg CNcCdeNt are reflected aNd arrCve at t@e perpeNdCcuIar bouNdary wCt@ aN
aNgIe of CNcCdeNce of 90° − 𝜃𝑜𝑙𝑑. So aILost grazCNg CNcCdeNce wCt@ 89° CLpCNges t@e perpeNdCcA
uIar surface wCt@ aN aNgIe of 1° aNd caN t@us Ieave t@e scCNtCIIator oN t@at surface. For eLCssCoN
aNgIe betweeN 39° to 51° t@e ray wCII Never Ieave t@e scCNtCIIator aNd reflect uNtCI absorbed. So aII
ICg@t, except for t@e CNfiNCteIy reflectCNg rays, caN Ieave t@e scCNtCIIator aNd t@e aLouNt of exCtCNg
ICg@t does Not depeNd oN t@e posCtCoN of eLCssCoN.
T@e ICg@t propagatCoN was sCLuIated usCNg a seIf deveIoped rayAtracCNg pyt@oN prograL CN a
LodeI coNsCstCNg of a 240LL × 240LL scCNtCIIator wCt@ refractCve CNdex of 𝑛𝑠𝑐𝑖𝑛𝑖𝑡 = 1.59 aNd
two rectaNguIar ICg@t guCdes at eac@ sCde wCt@ a refractCve CNdex of 𝑛𝐿𝐺 = 1.49. For a cIassCcaI
arraNgeLeNt of ICg@t guCdes t@at are coupIed wCt@ optCcaI grease, a dCrect scCNtCIIator ICg@t guCde
CNterface Cs assuLed. BN t@e sCLuIatCoNs CNcIudCNg t@e gap Cts wCdt@ was set to 1LL. CrossA
taIG betweeN t@e ICg@t guCdes Cs suppressed by CNtroducCNg a very sLaII gap1 betweeN t@e ICg@t
guCdes.
T@e orCgCN of t@e coordCNate systeL Cs pIaced CN t@e LCddIe of t@e scCNtCIIator. A raNdoLIy or
systeLatCcaIIy created ray Cs propagated t@roug@ t@eLedCuL uNtCI Ct CNtersects wCt@ a bouNdary
s@ape, w@ere t@e forLuIas froL SNeII’s Iaw are appICed. AddCtCoNaI raNdoL absorptCoN at eac@
CNterface caN be CNcIuded, but Cts probabCICty was set to zero for t@e preseNted resuIts. T@e CNteNA
sCtCes of reflectCoN aNd traNsLCssCoN froL t@e FresNeI equatCoNs are Not yet CLpIeLeNted, but caN
be added by ray spICttCNg wCt@ t@e probabCICty as a weCg@t factor2. T@e traNsLCssCoN t@roug@ t@e
two CNterfaces aNd t@e gap for aNgIes beIow t@e crCtCcaI aNgIe averages to 90% aNd oNIy devCates
Near t@e crCtCcaI aNgIe (coLpare FCgure 6.4).
1Gap @as to be bCgger t@aN t@e CNtersectCoN searc@ radCus aNd t@e step sCze.
2A first CLpIeLeNtatCoN Cs Not yet t@oroug@Iy tested, but resuIts seeL proLCsCNg aNd wCII be CLproved.
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FCgure 6.2.: For NoN ceNter eLCssCoN ICg@t Cs Iost oN t@e edges of t@e scCNtCIIator. Grey aNgIes caNA
Not be detected CN t@e PKTs. T@ose aNgIes vary greatIy depeNdCNg oN t@e posCtCoN.
FCgure 6.3.: SCLuIatCoN wCt@ gap aNd eLCssCoN Near t@e bottoL edge s@ows t@e uNequaI dCstrCA
butCoN CN t@e PKTs eveN t@oug@ t@e coLbCNed sCgNaI of eac@ sCde Cs t@e saLe.
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FCgure 6.4.: TraNsLCssCoN of 400 NL rays froL t@e scCNtCIIator t@roug@ a gap CNto t@e ICg@t guCde
uNder t@e assuLptCoN of CNco@ereNt scatterCNg for gaps bCgger t@aN t@e typCcaI waveA
IeNgt@. CaIcuIated wCt@ tmm [Byr16]
FCrst resuIt of t@e sCLuIatCoN froL t@Cs sCLpIe LodeI Cs t@e aLouNt of Iost rays. T@ose are
s@owN CN FCgure 6.5, w@ere t@e fractCoN of Iost rays Cs pIotted for four sCLuIated scaNs aIoNg t@e
𝑥AaxCs at dCffereNt 𝑦AposCtCoNs. T@ose posCtCoNs correspoNd to 0%, 20%, 50% aNd 80% of t@e
dCstaNce froL t@e ceNter to t@e upper edge of t@e scCNtCIIator. As seeN CN FCgure 6.5a wCt@ No gap
t@e Iosses stroNgIy depeNd oN t@e posCtCoN as expected froL t@e drawCNg CN FCgure 6.2. W@eN
IeavCNg a gap betweeN scCNtCIIator aNd ICg@t guCde (FCgure 6.5b) t@e Iosses are coNstaNt for aII
posCtCoNs wCt@CN t@e scCNtCIIator.
ANot@er aNaIysCs Cs t@e expected sCgNaI streNgt@ CN eac@ PKT especCaIIy CN t@e gap case sCNce
Ct was used CN t@e experCLeNt. T@Cs Cs CLportaNt for t@e caICbratCoN of t@e PKTs wCt@ respect to
eac@ ot@er. As oNe caN see CN FCgure 6.6, t@e aLouNt of ICg@t per PKT varCes greatIy wCt@ t@e
eLCssCoN posCtCoN. But a paCr of PKTs oN oNe sCde toget@er wCII aIways add up to a coNstaNt
vaIue. BN extreLe cases, aII rays t@at wCII exCt oN oNe sCde of t@e scCNtCIIator are detected CN oNIy
oNe of t@e two PKTs.
T@Cs @as aLayor CNflueNcew@eN oNe of t@e PKTs, or Cts eIectrCcaI coNNectCoN, faCIs. BN t@at case
oNe caNNot Eust taGe t@e sCgNaI of t@e ot@ers to extrapoIate t@e totaI eNergy of t@e eveNt. SCLCIar
effects @appeN Cf oNe PKT Cs badIy caICbrated, s@ows a dCffereNt efficCeNcy or Cs CNsufficCeNtIy
coupIed to t@e ICg@t guCde. ON t@e ot@er @aNd, t@e stroNg depeNdeNce oN t@e posCtCoN couId be
expIoCted to exactIy deterLCNe t@e posCtCoNCNg of t@e detector reIatCve to t@e caICbratCoN sources.
T@e reIatCve sCgNaI streNgt@ of t@e PKTs caN be used to estCLate t@e posCtCoN of t@e CLpCNgCNg
eIectroN. T@Cs LCg@t eNabIe CNterestCNg studCes of systeLatCc effects.
For aN CLproved future detector t@Cs effects s@ouId be studCed CN detaCI aNd a way to optCLCze
t@e probIeLs orCgCNatCNg froL t@Cs effects s@ouId be fouNd. BN a perfect detector t@ose effects do
Not Latter, sCNce t@e fuII eNergy caN aIways be recoNstructed.
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(a) WCt@out a gap betweeN scCNtCIIator aNd ICg@t
guCdes
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(b) WCt@ a 1LL gap betweeN scCNtCIIator aNd ICg@t
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FCgure 6.5.: SCLuIated Iosses CN a four sCde readout.
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(a) X scaN at 𝑦 = 0LL
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(b) X scaN at 𝑦 = 24LL
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(c) X scaN at 𝑦 = 60LL
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(d) X scaN at 𝑦 = 96LL
FCgure 6.6.: SCNgIe PKT sCgNaIs CN a fourAsCde readout arraNgeLeNt
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6.3. Transparent Conductive Coating of the Detector
6.3.1. Necessity of a Conductive Coating
BN order to estabICs@ a uNCforL acceIeratCoN of t@e secoNdary eIectroNs towards t@e detector, t@e
eIectrCc poteNtCaI oN t@e detector @as to be defiNed properIy.
T@e fieId degrader systeL CtseIf buCIds Lost of t@e gradCeNt, but Cs CNsufficCeNt to provCde a
cIear border poteNtCaI over t@e w@oIe crossAsectCoN.
Towards t@e decay voIuLe t@e gradCeNt Cs coNtroIIed by t@e first eIectrodes of t@e retardatCoN
systeL. SCNce t@e bare detector Cs aN CsoIator sCtuated dCrectIy be@CNd t@e opeNCNg of t@e fieId
degrader systeL, Ct caNNot provCde a suCtabIe poteNtCaI to fix t@e eIectrostatCc coNdCtCoNs for t@e
acceIeratCoN of t@e secoNdary eIectroNs. AddCtCoNaIIy t@e CsoIator couId float to very @Cg@ vaIues
of statCc eIectrCcCty CN t@Cs setup. T@Cs statCc eIectrCcCty couId aIso be varyCNg wCt@ tCLe or be
correIated to ot@er varCabIes. ANy statCc eIectrCcCty of t@e scCNtCIIator wouId repeI Iow eNergy
eIectroNs froL t@e detector surface. T@e expected sCgNaIs froL secoNdary eIectroNs froL t@e
protoN coNversCoN are very Iow eNergetCc aNd eveN statCc poteNtCaIs of a few t@ousaNdVoIts couId
easCIy dCsturb t@e couNt rate. AIso a sICg@t s@Cft CN eNergy couId c@aNge t@e posCtCoN of t@e protoN
sCgNaI wCt@ respect to t@e trCgger fuNctCoN of t@e eIectroNCcs systeL.
Furt@erLore sCNce we coNvert t@e protoNs to eIectroNs we are Ieft wCt@ oNIy NegatCve c@arges
CLpCNgCNg oNto t@e detector. T@Cs couId worseN t@e statCc eIectrCc poteNtCaI probIeL.
6.3.2. Method of Investigation
T@e possCbIe coatCNgs @ave to be coLpared wCt@ respect to t@ree c@aracterCstCcs. FCrst of aII t@e
coatCNg @as to provCde a reasoNabIe reflectCvCty for scCtCIIatCoN ICg@t (about 420 NL). AN CdeaI
LaterCaI wouId Not CNterfere wCt@ t@e totaI CNterNaI reflectCoN propertCes of t@e scCNtCIIator.
SecoNdIy t@e coatCNg @as to be reasoNabIy t@CN wCt@ respect to t@e absorptCoN IeNgt@ of t@e
decay eIectroNs wCt@ beIow 1KeV eNergy. KCNCLCzCNg t@e t@CcGNess effects aIso t@e optCcaI aNd
eIectrCcaI propertCes.
As a Iast step t@e resCstCvCty of t@e coatCNg @as to be coNsCdered. SCNce t@e coatCNg Cs Not used
to dCsperse a bCgger curreNt, eveN a bCg resCstaNce of order 𝑘Ω caN be used to grouNd t@e detector
surface.
Furt@erLore t@eLaNufacturCNg @as to be CNcIuded CN t@e dCscussCoN, as a uNCforLdCstrCbutCoN
of t@e coatCNg s@ouId be ac@Ceved CN order to @ave a sLoot@ aNd flat 2DArespoNse of t@e detector.
T@e coatCNg process @as to worG wCt@ t@e extreLeIy seNsCtCve scCNtCIIator surface. ANy cIeaNCNg
soIutCoNs, @Cg@ teLperatures aNd Lec@aNCcaI stress @ave to be avoCded CN order to preserve t@e
sLoot@Ness of t@e surface.
T@e optCcaI propertCes @ave beeN studCed usCNg t@e pyt@oN ICbrary tmm [Byr16] usCNg severaI
data sets of reflectCvCty vaIues. Kost vaIues are fouNd wCt@ t@e @eIp of aN oNICNe database of
refractCve CNdCces 3. T@ese caIcuIatCoNs are based oN spectraI curves of t@e reaI aNd CLagCNary
part of t@e refractCve CNdex obtaCNed froL t@e data base aNd based oN [FHF+14; RDE+98]. TypCcaI
t@CcGNess used for t@e aNaIysCs raNged froL 5NL to 100 NL. BN FCgure 6.7 t@e resuIts for a 15 NL
sCLuIatCoN are pIotted.
FCrst of aII t@e propertCes of aIuLCNCuL @ave beeN studCed, sCNce Ct Cs t@e refereNce LaterCaI of
t@e prevCous detector. Ot@er obvCous caNdCdates are LetaIICc LaterCaIs. GoId, Copper aNd TCtaA
NCuL @ave t@e probIeL t@at t@eCr average reflectCvCty Cs oNIy of t@e order of 40%. SCIver Cs a Lore
proLCsCNg caNdCdate wCt@ a reflectCvCty of above 70% for aNgIes t@at NorLaIIy uNdergo totaI CNA
terNaI reflectCoN. Over t@e severaI reflectCoNs of t@e ICg@t wCt@CN t@e scCNtCIIator oN t@e froNt aNd
3http://refractiveindex.info/
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FCgure 6.7.: CoLparCsoN of dCffereNt coatCNgs wCt@ 15 NL t@CcGNess. SCLuIated wCt@ t@e
tmm pyt@oN pacGage[Byr16] aNd BTO data froL [FHF+14] aNd LetaIICc data froL
[RDE+98].
bacG surfaces t@Cs Ieads to a @uge Ioss of CNteNsCty aNd t@erefore aIso a NoNAuNCforL 2DArespoNse.
T@e Iast LaterCaI Cs BNdCuLATCNAOxCde (BTO) t@at Cs used CN touc@ screeNs aNd aNtCAgIare coatCNgs
of coNsuLer eIectroNCcs. T@e resuIts (based oN data froL [FHF+14]) are CNcredCbIy good aNd
t@e reflectCvCty seeLs to be sCLCIar to t@e totaI CNterNaI reflectCoN. T@e LaxCLuL devCatCoN froL
100% Cs oNIy about 2%.
We aIso pIaNed to studyLuItC Iayer superLCrror structures tuNed for optCLaI reflectCvCty CN t@e
desCredwaveIeNgt@ usCNg coNductCveLaterCaIs, but t@e goodperforLaNce of Eust a sCNgIe coatCNg
aNd t@e dCfficuIt optCLCsatCoN process for super LCrrors caused us to stop t@e CNvestCgatCoN. AIso
t@e CNcreased t@CcGNess LCg@t absorb part of t@e eNergy of t@e eIectroN aNd t@erefore act as aN
addCtCoNaI dead Iayer oN t@e scCNtCIIator.
6.3.3. Final Selection and Validation
T@e very good optCcaI propertCes for very t@CN coatCNgs (10 NL) aNd t@e avaCIabCICty of CNdustrCaI
processes coNvCNced us to use BTO as a coNductCve coatCNg. SeveraI test coatCNgs of scCNtCIIator
pCeces (BCA400 type) @ave beeN doNe by t@e FrauN@ofer BNstCtute CN DeNa. T@e scCNtCIIator s@owed
No obvCous sCgNs of daLage aNd t@e fiNaIIy used scCNtCIIator type (BCA440) Cs eveN Lore teLperA
ature resCstaNt.
To aNaIyse t@ese saLpIes a reflectCvCty test beNc@ powered by a puIsed bIue HED ICg@t source
aNd a p@oto dCode detector @as beeN coNstructed. T@e HED Cs LouNted wCt@ a fittCNg focussCNg
IeNs to ICLCt t@e dCvergeNce. Four dCffereNt aNguIar posCtCoNs of t@e ICg@t source aNd a defiNed
aperture oN bot@ sCdes of t@e scCNtCIIator aIIowed to study t@e CNteNsCty at t@e eNd of t@e scCNtCIA
Iator for dCffereNt NuLber of reflectCoNs. T@e puIsed HED aIIowed to subtract t@e varyCNg bacGA
grouNd oN t@e p@oto dCode caused by dCffereNt surrouNdCNg coNdCtCoNs. T@e HEDwas drCveN by
a coNstaNt curreNt source t@at aIIowed a precCse coNtroI of t@e ICg@t CNteNsCty. T@e cCrcuCt couId
be eNabIed usCNg a fuNctCoN geNerator wCt@ aN approprCate square wave patterN. T@e sCgNaI at
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t@e eNd of t@e scCNtCIIator was Leasured usCNg a p@oto dCode seNsCtCve to t@e IowwaveIeNgt@s of
t@e HED ( 420 NL ). WCt@CN t@e systeLatCc errors aNd t@e repeatabCICty of t@e setup No dCffereNce
CN reflectCvCty couId be observed w@eN coLparCNg two uNcoated saLpIes wCt@ two coated oNes.
6.3.4. Outlook on Possible Future Coatings Concepts and Materials
W@CIe researc@CNg coNductCve coatCNgs, severaI exotCc coNcepts @ave beeN dCscarded CN favour of
t@e BTO coatCNg. Ot@er coatCNgs used CN sCLCIar appICcatCoNs ICGe AZO, GZO or BZO (aIuLCNCuL,
gaIICuL or CNdCuL—doped zCNc oxCde) couId be studCed for future detectors.
ONe possCbCICty are aIuLCNCuL NaNoAwCres [HY11]. T@ose are soId CN a water soIutCoN aNd caN
be used ICGe a paCNt oN LaNy surfaces. T@e wCres t@eN buCId a fiNe Les@ oN t@e surface. ONe
dCsadvaNtage wouId be t@e CN@oLogeNeous surface. AN eIectroN t@at @as to traverse a @eap of
NaNoAwCres sureIy Iooses Lore eNergy t@aN aN eIectroN t@at Eust passes by aII wCres. T@ose aIso
exCst as carboN coated aIuLCNCuL NaNoAwCres [CDD+13] wCt@ CNcreased coNductCvCty.
SCLCIar carboN NaNo tubes couId be a possCbIe LaterCaI for future detectors [F?S+11]. T@Cs
approac@ wCII @ave sCLCIar dCsadvaNtages as t@e aIuLCNCuL NaNoAwCres. A coatCNg Lade of
grap@eNe couId be t@e t@CNNest aNdLost @oLogeNeous coNductCve coatCNg. Tec@NCcaI feasCbCICty
of suc@ coatCNgs oNto a scCNtCIIator Cs Not cIear, but s@ouId be tested CN t@e far future.
AIso t@e w@oIe fieId of coNductCve poIyLers [BNz08] couId offer possCbCICtCes for t@e desCgN
of coNductCve scCNtCIIators, but B caNNot estCLate t@e feasCbCICty of aN CNtrCNsCcaIIy coNductCve
scCNtCIIator, sCNce t@e perforLaNce of t@e scCNtCIIator Cs goverNed by LaNy paraLeters. T@ose
couId aIso be used as a coatCNg see [XSO12; SFS15].
6.4. Light-Guides
T@e cIassCcaI approac@ to produce ICg@tAguCdes Cs to use s@eet LaterCaI (traNspareNt PIexCgIass)
aNd beNd Ct arouNd predefiNed s@apes after warLCNg Ct IocaIIy. T@Cs process preserves t@e good
surface quaICty froL t@e s@eet LaterCaI t@at was cast betweeN twoLCrrors ICGe gIass s@eets. SCNce
t@Cs process reICes oN beNdCNg by @aNd Ct Cs dCfficuIt to ac@Ceve a coNsCsteNt ICg@tAguCde perforA
LaNce over a IoNger productCoN ruN. T@Cs approac@ aIso does Not aIIow tCg@t toIeraNces for eac@
part.
AII t@ese coNsCderatCoNs toget@er wCt@ t@e coLpICcated beNdCNg CN dCffereNt pIaNes CN Ly deA
sCgN requCred us to fiNd a New soIutCoN to t@e productCoN.
T@e ICg@t guCdes were produced froL bIocGs of PIexCgIas of t@e type ”GS 222 (farbIos)”. T@Cs
LaterCaI Cs t@e oNIy PIexCgIas avaCIabIe CN t@e requCred t@CcGNess wCt@ optCcaI propertCes aIIowCNg
a productCoN of ICg@tAguCdes. SCNce eac@ ICg@tAguCde coNsCsts of four dCffereNt strCps aNd a EoCNed
bIocG at t@e begCNNCNg aNd t@e eNd, eac@ part of a ICg@tAguCde caN be LaNufactured CNdepeNA
deNtIy. Eac@ of t@Cs sCx dCffereNt parts Cs cut dCrectIy out of t@e bIocG by a 5AaxCs CMC LCII usCNg
specCaI tooIs suCtabIe for PIexCgIas. T@e parts are t@eN CNdCvCduaIIy poICs@ed uNtCI t@e requCred
surface quaICty Cs reac@ed. T@Cs ofteN CNcIuded a fiNe saNdCNg to reLove t@e reLaCNCNg facets CN
t@e outer curvature of t@e beNds CN t@e s@ape. T@e pCeces are t@eN EoCNed usCNg a two coLpoNeNt
specCaI gIue for PIexCgIas (ARCBFBX). BN t@e eNd a surface quaICty equaI to cIassCc ICg@tAguCdes
beNded froL s@eets couId be ac@Ceved.
6.4.1. General Shapes
T@e ICg@tAguCdes start wCt@ a sLaII dCvergCNg sectCoN to CNcrease t@e t@CcGNess froL 5.0LL to
6.4LL. T@e furt@er parts of t@e ICg@tAguCde are four dCffereNt strCps eac@ wCt@ a wCdt@ of 30LL.
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A straCg@t sectCoN of varyCNg IeNgt@ foIIows, before t@e guCde Cs beNt by a quarter cCrcIe wCt@
aN CNNer radCus of 50LL. ?ere t@e truIy t@ree dCLeNsCoNaI beNdCNg begCNs t@at s@Cfts t@e
outer strCps CNto t@e LCddIe to EoCN t@e sCg@tIy s@Cfted CNNer strCps. At t@e saLe tCLe aII strCps
Love CNwards by 29.5LL aNd are t@eN uNCted CN a fiNaI rectaNguIar bIocG oN top wCt@ a sCze of
30LL × 28LL × 10LL. AII sCNgIe strCps are separated by a 0.8LL gap. A t@ree sCded vCew of
t@e fiNaI ICg@tAguCde desCgN Cs s@owN CN FCgure 6.8.
T@e dCvergCNg sectCoN @eIps to accept sICg@t aNguIar devCatCoNs froL t@e paraIIeI LouNtCNg
wCt@ a gap. AddCtCoNaIIy Ct s@Cfts t@ose aNgIes t@at are very cIose to t@e crCtCcaI aNgIe towards a
sLaIIer CNcCdeNt aNgIe. T@Cs @eIps to preveNt Iosses, especCaIIy CN t@e foIIowCNg quarter cCrcIe. BN
t@e rouNd surface oNe Iooses aNgIes t@at are cIose to t@e crCtCcaI aNgeI CN t@e straCg@t sectCoN. T@at
cCrcIe @as t@e saLe radCus for aII strCps w@Cc@ @eIps to equaICze t@e Iosses aNd LaGes t@e sICg@t
dCffereNces CN t@e straCg@t sectCoN CN froNt of Ct Necessary. T@e sCdeways beNdCNg Cs Necessary CN
order to coIIect aII ICg@t oN a surface t@at caN be coupIed to t@e PKT. T@e outer strCps are s@Cfted
45LL to t@e sCde oN a dCstaNce of 250LL w@ereas t@e CNNer strCps are s@Cfted by 15LL oN a
dCstaNce of 130LL. BN order to provCde eNoug@ space for t@e PKT @oIders, suc@ t@at t@ose @ave
t@e saLe LaxCLuL exteNsCoN to t@e outsCde as t@e ICg@tAguCde, t@e s@Cft towards t@e CNsCde Cs
Necessary. T@Cs s@Cft Cs 29.5LL oN t@e fuII 250LL dCstaNce. Eac@ strCp @as t@e saLe coNstaNt
crossAsectCoN over t@e w@oIe IeNgt@ after t@e dCvergCNg part. T@e gap betweeN t@e strCps Cs NecesA
sary to preveNt Iosses of ICg@t t@at couId exCt to oNe of t@e ot@er strCps. T@e opposCte edge of t@e
Next strCp Cs Not NecessarCIy paraIIeI to t@e prevCous edge of reflectCoN but ofteN eveN coNvergCNg,
w@Cc@ wouId CNcrease t@e Iosses.
FCgure 6.8.: T@ree sCde vCew of t@e ICg@t guCdes. BN t@e fiNaI versCoN t@e dCvergCNg part Cs Loved
to t@e coNtact surface aNd Cs foIIowed by a s@ort steCg@t pCece.
T@e top bIocG of t@e ICg@t guCde Cs rectaNguIar, but Ct LCg@t be better to coupIe a cCrcuIar ICg@tA
guCde to t@e rouNd PKT cat@ode. We deveIoped a prototype soIutCoN for t@e Iast bIocG to sIowIy
s@Cft froL a rectaNguIar s@ape to a cCrcIe of saLe area. T@Cs free forL Cs dCfficuIt to LaNufacture,
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but usCNg a sparG erodCNg Lac@CNe oNe caN produce a NegatCve forL of suc@ a s@ape. T@Cs couId
t@eN be used to cast t@at s@ape froL ICquCd PIexCgIas. Of course t@e surface quaICty of t@e cast @as
to be CLproved CN order to get a good surface quaICty oN t@e ICg@t guCde. T@Cs approac@ requCres
experCeNce wCt@ castCNg of PIexCgIas aNd was t@erefore postpoNed for future ICg@tAguCdes.
6.4.2. Simulating Light Losses in Free Geometries
As a tooI to study t@e s@apes of ICg@t guCdes, a pyt@oN prograL to sCLuIate t@e ICg@t propagatCoN
t@roug@ suc@ s@apes was deveIoped. T@Cs prograL was t@e precursor of t@e prograL used to
sCLuIate t@e propagatCoN oN ICg@t CN t@e fourAsCded readout coNcept (see sectCoN 6.2). T@erefore
Ct @as t@e saLe ICLCtatCoNs aNd uses oNIy SNeII’s Iaw to caIcuIate t@e CNteractCoNwCt@ t@e CNterface.
EspecCaIIy Ct caN oNIy be used for flat twoAdCLeNsCoNaI structures, but aII proEectCoNs of t@e s@ape
couId be sCLuIated.
ONe Layor dCffereNce to t@e ot@er rayAtracCNg prograL Cs t@e possCbCICty to dCrectIy eNter cubCc
spICNes as a border defiNCtCoN. AddCtCoNaIIy t@e prograL caN produce @CstograLs of Iost aNgIes,
t@e dCstaNce t@roug@ t@e ICg@tAguCde aNd t@e NuLber of reflectCoNs. A typCcaI output Cs s@owN CN
FCgure 6.9. EspecCaIIy t@e SAs@ape sCfts to t@e sCdewere sCLuIated exteNsCveIy aNd t@e dCLeNsCoNs
of t@e outer aNd CNNer strCps were Latc@ed to produce t@e saLe Ioss rate of about 7.4%.
(a) AII Iost rays CN a sCLuIatCoN of t@e outer strCps
of t@e ICg@t guCde.
(b) A @CstograL of t@e dCstaNces t@e ICg@t @as to
traveI t@roug@ t@e ICg@tAguCde
FCgure 6.9.: TypCcaI resuIts of t@e ICg@tguCde ray tracCNg sCLuIatCoNs
6.4.3. Manufacturing Light-Guides Using 5-axis Mills
To LaNufacture t@e ICg@t guCdes wCt@ a LCIICNg process Cs quCte dCfficuIt aNd Needs specCaI care.
Bt Cs best to CNvoIve t@e LaNufacturer earIy CN t@e desCgN p@ase, sCNce t@e LaNufacturCNg tooIs
coNstraCN t@e beNdCNg radCC aNd t@e s@ape of CNNer edges.
TraNsferrCNg t@e fiNaI desCgN to t@e CMCALCII caN produce Lore probIeLs t@aN oNe LCg@t
NaCveIy expect. ON t@e LCII t@ere Cs a quCte IoNg optCLCzatCoN process to eNsure t@at eac@ step
Cs ruN wCt@ t@e rCg@t revoIutCoNs aNd speed of t@e LCII. T@e optCLaI order of t@e steps @as to be
fouNd so t@at optCLaI quaICty or productCoN speed Cs reac@ed. Free forLs wCII be traNsIated CNto
poIygoNs aNd depeNdCNg oN t@e settCNg of t@e LCII, t@ose caN be quCte coarse.
To ac@Ceve NCce surfaces, t@e Iast ruN aIoNg a surface @as to be perforLed carefuIIy wCt@ t@e
rCg@t paraLeters. SpecCaI tooIs suCtabIe for pIexCgIass @ave to be used aNd Ct @as to be eNsured t@at
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FCgure 6.10.: ProducCNg a part of a ICg@tAguCde usCNg t@e 5AaxCs LCII at t@e CNstCtute
t@ey are CN good coNdCtCoN aNd @ave Not beeN used for ot@er LaterCaIs before. W@CIe advaNcCNg
furt@er towards t@e fiNaI ICg@t guCde t@e LaterCaI gets t@CNNer aNd t@e c@aNce of vCbratCoNs or
beNdCNg CNcreases. VCbratCoNs CN oNe case caused a fiNe rCppIe structure aIoNg t@e Iarge sCde of
t@e ICg@t guCde aNd beNdCNg of t@e ICg@t guCde caN resuIt CN a NoN optCLaI s@ape of t@e Iater.
SupportCNg t@e ICg@t guCde for t@e fiNaI steps @eIps to LCNCLCze t@ose probIeLs.
T@e surface of eac@ eIeLeNt of t@e ICg@t guCde @as to be poICs@ed usCNg a rotatCNg poICs@CNg
w@eeI. BN order to LCNCLCze t@e ICGeIC@ood of uNeveN poICs@CNg aNdLaterCaI reLovaI, t@e radCus
of t@e poICs@CNg w@eeI s@ouId be LaxCLCzed, but Ct Cs coNstraCNt by t@e LCNCLaI radCus oN t@e
ICg@t guCde t@at @as to be poICs@ed froL t@e coNcave sCde. AIso, t@e LCNCLaI dCaLeter of t@e
avaCIabIe poICs@CNg w@eeIs LCg@t be too bCg aNd s@ouId @ave beeN aIready coNsCdered CN t@e
desCgN process.
PIexCgIass caN be daLaged very easCIy by LCcro cracGs caused by soIveNts ICGe acetoNe or
petroIeuL, so a coLpIeteIy soIveNts free worG eNvCroNLeNt @as to be eNsured. BN t@e past t@ere
were aIso probIeLsdue to resCduaI oCI froL touc@CNg t@e pIexCgIasswCt@ bare @aNds, w@Cc@ t@ereA
fore s@ouId be geNeraIIy avoCded. For t@e saLe reasoN a suCtabIe aCr tCg@t storage coNtaCNers for
t@e fiNaI ICg@t guCdes @ave to be provCded.
BN order to gIue t@e sCx poICs@ed pCeces of t@e ICg@t guCde a specCaI forL @ad to be buCId. EquaI
pressure @as to be appICed wCt@out daLagCNg t@e fiNaI surface sCNce addCtCoNaI poICs@CNg after
asseLbIy Cs Not possCbIe for aII surfaces.
T@e c@oCce of gIue caN @ave a great CNflueNce oN t@e fiNaI product. FroL earICer tests, Ct was
coNcIuded t@at coNveNtCoNaI supergIue Cs suCted very weII for Cts optCcaI propertCes [PIo00]. BN
t@e begCNNCNg we used HoctCte 406, but we experCeNced bIooLCNg CN betweeN t@e sLaII gaps at
t@e upper eNd of t@e ICg@t guCde strCps. BIooLCNg Cs t@e NaLe for a sICg@tIy Latte appearaNce
of surfaces Near t@e gIuCNg coNtact area. ANot@er especCaIIy IowAbIooLCNg supergIue was tested
but aIso faCIed t@e bIooLCNg test. BN t@e eNd t@e surfaces were gIued usCNg t@e recoLLeNded
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twoAcoLpoNeNt reactCve ceLeNt ”ACRBFBX® 2R 0190”. T@e LaNufacturer descrCbes Ct as foIIows:
”Bt offers t@e best boNdCNg quaICty (streNgt@ aNd optCcaI quaICty) for boNdCNg acryICc
(PKKA) to CtseIf aNd to ot@er substrates. T@e EoCNt cures CN aN CNvCsCbIe water cIear.
Bt Cs UV stabCICzed so t@ere Cs No yeIIowCNg.” 4
ONe dCsadvaNtage of t@Cs gIue Cs t@e IoNg tCLe to fiNaI streNgt@ of about 24 @ (we aIready reA
Loved t@e fiNaI part froL t@e @oIder after 12 @ aNd aIIowed Ct to dry wCt@out t@e @oIder) aNd
t@e stroNgIy reduced curCNg tCLe for cIosed or aILost cIosed cavCtCes. AddCtCoNaIIy, t@e LaterCaI
sICg@tIy coNtracts w@CIe dryCNg so eNoug@LaterCaI @as to be appICed oN t@e outsCde of t@e gIuCNg
sICt by buCIdCNg a sLaII reservoCr froLLasGCNg tape. T@Cs Ied to a sLaII rCdge arouNd t@e coNtact
area t@at @ad to be LCIIed aNd poICs@ed agaCN.
For ot@er geoLetrCes w@ere aII surfaces are better exposed to t@e surrouNdCNg aCr, t@e superA
gIueLCg@t agaCN be t@e better soIutCoN, especCaIIy sCNce t@e tCLe to fiNaI streNgt@ Cs Luc@ s@orter.
T@e w@oIe process, especCaIIy w@eN CNcIudCNg poICs@CNg aNd fiNaI LouNtCNg, was quCte worG
CNteNsCve. UsCNg t@e 5AaxCs LCII excIusCveIy aNd eLpIoyCNg a LCNCLuL of two worGers for t@e
fuII tCLe we ac@Ceved a productCoN of oNe to two ICg@t guCdes per weeG.
FCNaI cIeaNCNg of t@e surfaces was doNe usCNg specCaI tCssues, t@at are suCtabIe for optCcaI eIeA
LeNts aNd c@eLCcaIIy pure CsoApropaNoI. T@Cs was Iater aIso used to reLove excessCve aLouNts
of optCcaI paste froL t@e LouNtCNg of t@e PKTs.
6.4.4. Performance Measurements
We perforLed soLe test LeasureLeNts wCt@ t@e first prototype ICg@tAguCdes. WCt@ sLaII pCeces
of scCNtCIIator aNd two ICg@tAguCdes, a LCNCature detector was coNstructed recycICNg oId LouNtA
CNg cIaLps froL t@e oId detector froL t@e KuNd [KuN06] LeasureLeNt of t@e beta asyLLetry.
T@e tuNabIe eIectroN spectroLeter ”EHBSE” desCgNed by C@. RoCcG [RoC12] was used as a source.
BN t@e eNd, we coNcIuded t@at t@e perforLaNce of t@e prototype ICg@tAguCdes CN t@Cs sCLpIe deA
tector Latc@es t@e perforLaNce of t@e detector used by ?. Kest [Kes11] CN t@e Iast Perkeo BBB
LeasureLeNt.
6.5. Design and Construction of the Support System
DesCgNCNg t@e support systeL for t@e detectorwas a tasG CNvoIvCNgLaNy coNstraCNts. T@e uNCque
s@ape of t@e beNt ICg@t guCdes toget@er wCt@ t@e four sCded readout Ieaves Not Luc@ rooL for a
support structure. Furt@erLore t@e desCgN @ad to aIIow t@e LouNtCNg or exc@aNge of a sCNgIe
PKT or ICg@t guCde wCt@out dCsturbCNg t@e aICgNLeNt of t@e ot@ers.
BN order to LCNCLCze ICg@t Iosses, aII traNspareNt parts s@ouId be fixed wCt@ t@e LCNCLaI
aLouNt of LaterCaI CN coNtact wCt@ reflectCve surfaces. BN earICer detectors t@e coNtact areas were
quCte Iarge aNd attrCbuted to t@e ICg@t Ioss CN t@e systeL.
VacuuL coLpatCbCICty of t@ew@oIe systeL @as to be coNsCdered CN t@e coNstructCoN. ANy dead
voIuLe t@at caN oNIy be puLped vCa sLaII sICts or @oIes @as to be avoCded. EspecCaIIy CN t@e U?V
raNge, outgassCNg froL suc@ voIuLes caN coNtaLCNate t@e vacuuL of t@e systeL. T@erefore aII
screws were sICt aNd aII bICNd @oIes got aN addCtCoN veNtCNg @oIe.
T@e fiNaI desCgN of t@e support structure (see FCgure 6.11) features a 7LL t@CcG aIuLCNCuL
base pIate (wCt@ sCze (440 × 440)LL2) wCt@ a square @oIe CN t@e LCddIe wCt@ t@e exact dCLeNA
sCoNs of t@e scCNtCIIator ((240 × 240)LL2). Four square beaLs are coNNected wCt@ pIates furt@er
4http://www.acrifix.com/product/acrifix/us/products/reactive-cements/acrifix-2r0190/pages/default.aspx
retrCeved oN DuIy 14t@, 2016
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up provCde t@e basCs for t@e ICg@t guCde aNd PKT support structures. T@e sCde t@at was exposed
to t@e CLpCNgCNg partCcIes aNd t@e @Cg@ voItage systeL @ad poICs@ed edges aNd couNtersuNG
screws. Above t@e scCNtCIIator t@e upper support pIate was LouNted aNd fixed. T@Cs preveNted
dCrect sCg@t froL t@e PKTs to ICg@t froL t@e bacGsCde of t@e scCNtCIIator aNd provCded t@e t@reads
for t@e screws t@at fixed t@e scCNtCIIator aNd t@e ICg@t guCdes. T@e square rods CN coLbCNatCoN
wCt@ a t@CcG support bIocG at eac@ corNer fixed t@e base pIate aIIowCNg No s@Cfts or rotatCoNs.
FCgure 6.11.: DrawCNg of t@e basCc structure of t@e detector LouNtCNg.
T@e scCNtCIIator caNNot be supported by t@e sLaII sCdes, sCNce t@e w@oIe cCrcuLfereNce Cs used
to extract t@e ICg@t. T@erefore t@e scCNtCIIator Cs supported CN eac@ of t@e corNers by aN area
of (8 × 8)LL2 wCt@ t@e respectCve LovabIe couNterpart to cIaLp t@e scCNtCIIator oNto t@e basCc
support structure.
FCgure 6.12.: T@e scCNtCIIator Cs LouNted oN quadratCc poICs@ed aIuLCNCuL wCt@ aN equCvaIeNt
couNterpart oN top. VCew froL t@e coated sCde of t@e scCNtCIIator.
T@e support of t@e scCNtCIIator @as to be CNdepeNdeNt of t@e support of t@e ICg@t guCdes, so t@at
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Ct stays fixedw@CIe CNstaIICNg t@e ot@er ICg@t guCdes. After adEustCNg t@e posCtCoN of t@e scCNtCIIator
Ct was fixed by tCg@teNCNg t@e screws CN aII four corNers.
BN order to protect t@e scCNtCIIator froL pressure cracGs aNd to provCde a defiNed coNtact, aII
screws @ave a cap wCt@ a poICs@ed face w@Cc@ Cs secured agaCNst rotatCoN by a pCN wCt@ 1LL
dCaLeter. T@Cs @ugeIy coLpICcates t@e asseLbIy of t@e detector, but provCdes good support to
t@e scCNtCIIator. A pCcture froL t@e coated face of t@e scCNtCIIator caN be fouNd CN FCgure 6.12.
SCLCIar caps were used to fix eac@ ICg@t guCde Next to t@e scCNtCIIator. BN t@e curreNt systeL
eac@ ICg@t guCde Cs oNIy supported by two sLaII rectaNguIar cuboCds eac@ sCzed (2 × 8)LL2wCt@
aN addCtCoNaI correspoNdCNg part oN t@e ot@er sCde of t@e ICg@t guCde. By aIso fixCNg t@e top of
t@e ICg@t guCde Ct couId be eNsured t@at t@e exCt surface of t@e scCNtCIIator aNd t@e eNtry surface
of t@e ICg@t guCde are as paraIIeI as possCbIe. BN order to CLpIeLeNt t@e fourAsCde readout wCt@
a gap, a pCece of paper was CNserted CN t@e space betweeN t@e two parts w@CIe LouNtCNg aNd
tCg@teNCNg of t@e screws.
FCgure 6.13.: CIoseAup of t@e screwaNd cap t@at are used to fix t@e ICg@t guCde oN t@e sLaII coNtact
areas froL poICs@ed aIuLCNCuL.
T@e upper fixatCoN of t@e ICg@t guCde Cs coLbCNed wCt@ t@e PKT @oIder. BN order to be abIe
to cooI t@e PKT, t@e @oIder Cs Lade froL two coNceNtrCc tubes of NoNALagNetCc staCNIess steeI.
ON t@e sLaIIer tube a t@CN strCp Lade froL a steeI s@eet Cs attac@ed CN forL of a spCraI. T@Cs
guCdes t@e cooICNg water arouNd t@e CNNer tube. T@e top aNd bottoL surface of t@e cyICNder
Cs weIded to be vacuuL tCg@t. ONe eac@ of t@e sCdes at opposCte aNgIe t@e coNNectCoN tubes of
6LL are weIded CN. At t@e bottoL t@e aIuLCNCuL part t@at fixes t@e ICg@t guCde caN be CNstaIIed
at dCffereNt aNgIes. T@e part CtseIf Cs s@owN CN FCgure 6.14. T@e ICg@t guCde Cs touc@ed by sLaII
poICs@ed parts aNd a few sLaII screws.
BNsCde t@e PKT @oIder, t@e top part of t@e ICg@t guCde protrudes CNto t@e tube. T@Cs eNsures
t@at t@e PKT Cs CN perfect coNtact to t@e ICg@t guCde. UsCNg aN optCcaI grease 5 at t@e coNtact area
LCNCLCzes t@e Iosses at t@Cs CNterface. A screw @eId by a crossbeaL presses t@e PKT oNto t@e
ICg@t guCde. BN order to ceNter t@e ICg@t guCde CN t@e tube aNd to adapt for t@e sICg@t varCatCoNs CN
PKT dCaLeter, aN adapter rCNg wCt@ screws was CNstaIIed.
T@e PKT @oIder Cs fixed by two cIaLps t@at aIIow aN adEustLeNt by rotatCNg t@e PKT @oIder
5EDA550 OptCcaI Grade SCICcoNe Grease produced by EHDEM TEC?MOHOGY
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FCgure 6.14.: DetaCIed vCew of t@e upper ICg@tAguCde LouNt. CoNtact area Cs oNIy t@e tCp of t@e
screw or t@e sLaII poICs@ed aIuLCNCuL surface.
aNd by sICdCNg Ct up aNd dowN aIoNg t@e upper part of t@e ICg@t guCde. SCNce t@e best procedure
to fix t@e ICg@t guCdes was to first cIaLp at t@e bottoL aNd t@eN sICdCNg t@e PKT @oIder over t@e
top of t@e ICg@t guCde, t@e PKT @oIder caNNot be fixed before CNstaIIatCoN.
BN order to LCNCLCze t@e NuLber of Necessary water feedt@roug@s, aII PKT @oIders were coNA
Nected CN serCes. T@e two PKTs oN eac@ sCde are coNNected at t@e bottoL aNd t@e coNNectCoN to
t@e Next sCde of t@e detector Cs Lade oN top w@ere t@e tubes couId be pIaced dCagoNaIIy. T@e
coNNectCoNs are Lade wCt@ NoNALagNetCc staCNIess steeI SwageIoG feruIes. After CNstaIICNg a dCsA
coNNectCoN s@ouId be avoCded CN order to preserve t@e best vacuuL tCg@tNess. T@erefore t@e
water cooICNg coNNectCoNs were Lade after aII ICg@t guCdes were CNstaIIed.
T@e PKT @oIder Cs quCte @eavy w@eN fiIIed wCt@ water aNd t@at causes t@e ceNter of gravCty
of t@e detector to s@Cft very far towards t@e bacG. Mevert@eIess t@e four Iegs of t@e detector
support, attac@ed to t@e square beaLs, couId support t@e detector wCt@out t@e rCsG of tCIt. T@e
Iegs @ad sLaII w@eeIs Lade froL PEEF parts Ieft over froL t@e coNstructCoN of t@e retardatCoN
eIectrodes. T@ose were supported by a raCI systeL t@at couId be adEusted wCt@ a few screws
CN order to s@Cft t@e detector posCtCoN CNsCde t@e detector c@aLber. T@e roIIs oN t@e detector
are Necessary to protect t@e CNstaIIed foCI froL vCbratCoNs aNd suddeN aCr LoveLeNts w@CIe t@e
detector Cs CNstaIIed CN froNt of t@e foCI6.
6.6. Installing the Detector and HV System
To CNstaII t@e very fragCIe foCI soLe experCeNce wCt@ t@e LoveLeNt of t@ose foCIs Cs Needed. ONe
s@ouId Never atteLpt to CNstaII t@e foCIs wCt@out a t@oroug@ traCNCNg of aII LoveLeNts. EveN
CNsCde t@e traNsport box, aII vCbratCoNs froL puttCNg dowN t@e box or touc@CNg Ct s@ouId be as
soft as possCbIe. KoveLeNt of t@e traNsport box @as to aIways be paraIIeI to t@e foCI surface to
preveNt t@e aCr LoveLeNt CNsCde t@e box froL destroyCNg t@e foCI. For t@e saLe reasoN corNers
@ave to be taGeN wCt@ t@e bCggest radCus t@at Cs possCbIe.
6as seeN froL t@e poCNt of t@e operator t@at CNstaIIed everyt@CNg froL t@e bCg flaNge be@CNd t@e detectors
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ReLovCNg t@e foCI froL t@e traNsport box Cs a crCtCcaI LoLeNt sCNce t@e foCI @as to be Loved CN
free space before IayCNg Ct dowN oN a support structure CNsCde t@e vacuuL c@aLber. At t@at poCNt
No aCr LoveLeNt Cs toIerabIe. FroL t@at poCNt oNwards we used a raCI aNd a fis@CNg ICNe wCt@
Iow ductCICty to sIowIy puII t@e foCI oN t@e @oIder towards t@e ceNter of t@e fieId degrader. T@ere
t@e Iower part of t@e @oIder was softIy CNserted CNto t@e ceNtraI eIectrode aNd t@e foCI @oIder was
put CNto t@e vertCcaI posCtCoN by sIowIy wCNdCNg up t@e fis@CNg ICNe. T@Cs aIIows to stop CN case
soLe vCbratCoNs or LoveLeNt Cs detected CN t@e foCI.
T@e detector Cs pIaced very sIowIy CN froNt of t@e detector oNto t@e raCI systeL aNd pus@ed
towards t@e fiNaI posCtCoN cIose to t@e degrader. After t@at aII coNNectCoNs @ave to be Lade to
t@e feedAt@roug@ flaNge. ?ere t@e IeNgt@ of t@e extreLeIy fragCIe cabIes @as to be optCLCzed. T@e
cIaLped captoN BMC cabIes caN be very easCIy separated froL t@e coNNectors.
BN order to be abIe to recoNNect t@e water cooICNg severaI tCLes, we CNstaIIed fixed fittCNg to
eac@ t@e detector aNd t@e feedt@roug@ aNd use a t@row away pCece of tube betweeN t@ose. T@Cs
eNsures perfect coNNectCoN eac@ tCLe, eveN t@oug@ Ct Cs possCbIe to reAuse t@Cs pCece at Ieast t@ree
tCLes Cf Ct Cs possCbIe to use a bCt Lore torque eac@ tCLe. Bt Cs usefuI to c@ecG t@e coNNectCoN of
t@e ?VAsuppIy for t@e PKTs by LeasurCNg t@e resCstCvCty of t@e coNNectCoN. Bf possCbIe, t@e Next
user of t@e cabIes s@ouId fiNd a way to aIso c@ecG t@e coNNectCoN of t@e BMC sCgNaI cabIe before
cIosCNg t@e vacuuL c@aLber.
PuLpCNg speed of t@e vacuuL Cs aIso crucCaI aNd t@e Necessary flow Cs best ac@Ceved by usCNg
a LeLbraNe vaIve aNd a Lec@aNCcaI pressure gauge. PuLpCNg overNCg@t froL 1000Lbar to
100Lbar was aIways sIow eNoug@ to coNserve t@e foCI aNd aIIowed to start t@e turbo puLps
wCt@CN 24 @ of t@e CNCtCaI start of t@e puLpCNg.
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6.7.1. Improvements of the Calibration Device
BN order to caICbrate t@e detectors CNsCde Perkeo BBB D. WCIGCN [WCI07] coNstructed a caICbratCoN
robot wCt@ five arLs. T@Cs devCce Cs CNstaIIed CN t@e ceNtraI decay voIuLe aNd Cs buCId suc@ t@at
Ct does Not dCsturb t@e NeutroN beaL or t@e decay partCcIes CNcIudCNg t@eCr gyratCoN radCus. AII
coLpoNeNts @ave to be absoIuteIy NoN LagNetCc CN order to Not dCsturb t@e carefuIIy coNfiguA
rated LagNetCc fieId CN t@e decay voIuLe. T@e systeL Cs t@erefore drCveN by uItraA@Cg@ vacuuL
coLpatCbIe pCezoAceraLCc Lotors ”?RA1AVM” froL t@e coLpaNy MaNoLotCoN. ON eac@ arL oNe
caN CNstaII caICbratCoN sources oN carboN foCIs. W@eN t@e NeutroN s@utter Cs cIosed, t@e LaCN arL
caN t@eN be drCveN CN t@e LCddIe of t@e decay voIuLe. T@e dCffereNt sources caN t@eN be raCsed
out of t@eCr @ousCNg. WCt@ t@e typCcaI eIectroN sources 109Cd, 139Ce, 113Sn, 137Cs aNd 207Bi,
eIectroN eNergCes froL 78.1 GeV to 997.9 GeV are avaCIabIe.
BN order to CLprove t@e reICabCICty of t@e systeL, severaI c@aNges were CLpIeLeNted. T@e sICdA
CNg systeL of t@e arLswas based oN a TefloN gICder oN aN aIuLCNCuL rod. T@CsworGs reasoNabIy
weII aNdwas used CN t@e prevCousLeasureLeNtwCt@ Perkeo BBB. BN vacuuL t@e t@CN fiIL ofLoCsA
ture oN t@e TefloN Cs LCssCNg, so frCctCoN Cs CNcreased. T@Cs sICdCNg systeL @as beeN repIaced by
t@e coLLercCaI avaCIabIe Iow profiIe ICNear guCde systeL ”dryICN® M” t@at Cs based oN aN aNA
odCzed aIuLCNCuL raCI aNd a fittCNg pIastCc gICder Lade froL t@e vacuuL coLpatCbIe poIyLer
”CgICdur® D”7. T@ose reduced probIeLs wCt@ EaLLCNg w@CIe drCvCNg aNd added stabCICty agaCNst
rotatCoNs of t@e source @oIder.
AddCtCoNaIIy, aII pIastCc bearCNgs were repIaced by pure ceraLCc baII bearCNgs. T@Cs decreased
t@e force Necessary to Love t@e @orCzoNtaI arL aNd CN t@e puIIeys of t@e drCve systeL of t@e
7aII products of t@e Cgus GLb? coLpaNy
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FCgure 6.15.: ReNderCNg of t@e scaNNCNg systeL before t@e CLproveLeNts.
arLs. At t@e saLe tCLe, aN addCtCoNaI stabCICzCNg aIuLCNCuL profiIe was CNstaIIed to LCNCLCze
warpCNg of t@e @orCzoNtaI systeL CN order to LCNCLCze Necessary forces.
T@e drCve systeL of t@e arLs was Lost crCtCcaI for t@e ac@CeveLeNt of our vacuuL goaIs. BNCA
tCaIIy Ct utCICzed a rubber beIt drCve aNd a teNAturN precCsCoN poteNtCoLeter to Leasure t@e poA
sCtCoN. Bot@ are uNsuCtabIe LaterCaIs for t@e desCred vacuuL pressure. After struggICNg to fiNd
a soIutCoN, C@. RoCcG [RoC15] CNveNted a repIaceLeNt for t@e beIt drCve usCNg a steeI wCre aNd
a doubIe t@readed cyICNder. T@Cs systeL was Lore vacuuL coLpatCbIe, but @as stCII rooL for
CLproveLeNt. Bt was proNe to sICppCNg aNd IoosCNg coNtact to t@e source @oIder.
AddCtCoNaIIy, Ct was very dCfficuIt to fiNd a suCtabIe repIaceLeNt for t@e poteNtCoLeter, but we
LaNufactured a crude systeL based oN a resCstCve wCre wouNd arouNd a rod t@at was coNtacted
by a sprCNg Ioaded aIuLCNCuL gICder.
AII toget@er t@e systeL couId oNIy be used CN t@e caICbratCoN of t@e detector. We were abIe
to LaCNIy coIIect caICbratCoN aNd @oLogeNeCty data froL t@e 207Bi source. AddCtCoNaI data froL
LeasureLeNts wCt@ 137Cs Cs oNIy avaCIabIe for a NoNAfiNaI PKTAvoItage coNfiguratCoN. We dCd
Not CNstaII t@e systeL for t@e fiNaI beaL tCLe, sCNce Cts vacuuL coLpatCbCICty was stCII Not suffiA
cCeNt aNdwewere Not sure Cf possCbIe LaterCaI poteNtCaIs aNd CsoIators couId dCsturb t@e protoNs
CN t@e decay voIuLe (see sectCoN 10.7). AIso t@e reduced reICabCICty of t@e drCve geNerated t@e fear
of a caICbratCoN source gettCNg stucG CN t@e LCddIe of t@e beaL.
T@Cs systeL@as to be furt@er CLproved for futureLeasureLeNts. ONe @as to dCscuss Cf Ct Cs useA
fuI to CNstaII aNot@er systeL Near or eveN be@CNd t@e detector for t@e drCft coNtroI LeasureLeNts.
T@e fuII devCcewouId t@eN oNIy be used for t@e caICbratCoN aNd 2DALappCNg of t@e detector prCor
to t@e reaI LeasureLeNt usCNg NeutroNs.
ONe Cdea for t@e coNstructCoN of a NoNALagNetCc posCtCoN seNsCtCve devCce Cs to use a sLaII
sNaGeAICGe tracG oN a flexCbIe captoN PCB. AIuLCNCuL based PCBs LCg@t aIso be a good carrCer,
but t@e vacuuL coLpatCbCICty of bot@ LaterCaIs @as to be verCfied first. BN a staNdard process 8
t@e LCNCLaI wCdt@ of a tracG Cs 0.15LL wCt@ a LCNCLuL gap of aIso 0.15LL. Suc@ a tracG @as
8ICGe t@e oNe avaCIabIe at www.bcb-pool.com
64
6.7. Measuring the Detector Performance
a resCstCvCty of 3.86ΩL−1. T@e LaxCLuL IeNgt@ of a zCgAzag structure t@at oNe couId fit oN a
25 cL × 3 cL PCB Cs 30L w@Cc@ t@eN resuIts CN a totaI resCstaNce of t@e strCp of about 100Ω. T@e
voItage drop aIoNg t@e strCp couId t@eN be Leasured by a sprCNg Ioaded gICder oN t@e PCB.
6.7.2. PMT-Calibration
BN order to caICbrate t@e PKTswCt@ respect to eac@ ot@er, we dCd aIterNatCNg caICbratCoNLeasureA
LeNts CN t@e ceNter of t@e detector aNd at offAceNter posCtCoNs. T@e sCNgIe PKT spectra were t@eN
fittedwCt@ a sCLpIe paraboIa forLuIa. A typCcaI output caN be seeN CN FCgure 6.16 CoLbCNCNg t@e
ceNter of t@e peaGs of t@e two PKTs per sCde aNd of aII PKTs oN t@e detector oNe couId CdeNtCfy
aN CLbaIaNce CN t@e gaCN of t@e PKTs. AN autoLated prograL suggested New settCNgs for t@e
@Cg@ voItage of t@e PKTs after aIso coNsCderCNg t@e CNforLatCoN of t@e Iast few scaN posCtCoNs.
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FCgure 6.16.: FCttCNg t@e sCNgIe PKT spectra for a caICbratCoN LeasureLeNt usCNg 137Cs @eIped to
CdeNtCfy LCsbaIaNces CN t@e PKT gaCN.
6.7.3. Uniformity
T@e aNaIysCs of t@e uNCforLCty of t@e detector Cs perforLed by C@. RoCcG. T@e goaI Cs a recaICbraA
tCoN usCNg scaICNg factors for eac@ PKT. Sop@CstCcated aNaIysCs of t@e coIIected data, CNcIudCNg
a recoNstructCoN of t@e ICg@t posCtCoN, resuIts CN a Lap of scaIe factors for t@e PKTs. T@e CNCtCaI
varCety of t@e sCgNaI of 8.9% oN t@e upstreaL (GreNobIe) detector couId be reduced to 4.0%.
ON t@e dowNstreaL (HyoN) detector aN eveN better CLproveLeNt froL 13.6% to 5.0% couId be
ac@Ceved.
6.7.4. Light Output and Energy Resolution
T@e aNaIysCs of t@e eNergy resoIutCoN aNd caICbratCoN Cs aIso doNe by C@. RoCcG. T@erefore a
preICLCNary resuIt froL t@e 207Bi LeasureLeNt Cs preseNted. ON t@e dowNstreaL detector t@e
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data was fitted usCNg a BCrGsA5/3 NoNAICNearCty LodeI t@at Cs dCrectIy appICed to t@e p@oto eIecA
troNs. T@Cs Cs t@e Lost advaNced LodeI fit of t@e detector c@aracterCstCcs t@at was deveIoped
for t@e LeasureLeNt of t@e eIectroN asyLLetry [Kes11]. T@e trCgger fuNctCoN does Not fit, sCNce
t@e New trCgger sc@eLe was Not Eet CLpIeLeNted. AddCtCoNaIIy t@e bacGgrouNd spectruL Las
Leasured severaI LCNutes Iater.
FCgure 6.17.: PreICLCNary fit of t@e dowNstreaL (HyoN) detector to t@e 207Bi caICbratCoN source
[RoC15]. T@e ICg@t output of t@e detector Cs so @Cg@, t@at t@e eNergy resoIutCoN Cs
sufficCeNt to resoIve t@e flat part of t@e spectruL betweeN t@e peaGs.
T@e fit preseNted CN FCgure 6.17 Cs CLpressCve. T@e prevCous detectors were Eust abIe to dCstCNA
guCs@ t@e very Iow eNergetCc AugerAeIectroN peaG (@ere arouNd 200 c@) froL t@e bacGgrouNd,
but Ct was CLpossCbIe to CNcIude Ct CN t@e fit. T@Cs s@ows t@e good Iow eNergy perforLaNce of t@e
detector due to t@e CLproved @oLogeNeCty aNd t@e fourAsCde readout. EspecCaIIy @avCNg over
200PE/GeV Cs a reaI CLproveLeNt. AddCtCoNaIIy t@e coatCNg reaIIy does Not seeL to @ave a bCg
CNflueNce oN t@e detector perforLaNce. BN order to coLpare t@e paraLeters froL t@e fit wCt@
ot@er fit data t@eCr vaIues are preseNted CN TabIe 6.1.
paraLeter vaIue error
0: gaCN 47.397 fixed
1: offset 0.000 fixed
2: PE 0.222 0.001 30
3: pe_NoNICN_G 12.6 fixed
5: sCgLa_eIectrCc 145.0 fixed
6: sCgLa_drCft 0.0366 0.000 47
TabIe 6.1.: ResuIts of t@e fit paraLeters froL t@e 207Bi caICbratCoN fit.
red. C@C2 = 3027.5/1084 = 2.8, probabCICty: 0.00
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as a Major Systematic Effect
ONe geNeraI probIeL of aII Perkeo type LeasureLeNts Cs t@e broadeNCNg of t@e beaL of secA
oNdary partCcIes due to t@e gyratCoN LotCoN caused by t@e guCdCNg fieId. T@e gyratCoN radCus
depeNds oN t@e fieId streNgt@ of t@e guCdCNg LagNets. Bf oNe c@ooses a detector Iarger t@aN
t@e NeutroN beaL by aN addCtCoNaI two gyratCoN radCC oN eac@ sCde, aII decay partCcIes caN be deA
tected. UNfortuNateIy suc@ a bCg detector Cs Not aIways feasCbIe aNd a Iarge oNe Cs aIso susceptCbIe
for bacGgrouNd sCgNaIs, w@ose CNteNsCty scaIes wCt@ t@e sCze of t@e detector. AIso depeNdCNg oN
t@e used tec@NoIogy a Iarge detector Lay @ave a bCgger spacCaI CN@oLogeNeCty or LCg@t be CNA
feasCbIy expeNsCve. EspecCaIIy CN t@e case of Perkeo BBB t@e LagNetCc fieId Cs quCte Iow (150LT)
sCNce a supercoNductCNg aNd t@erefore stroNger LagNet was Not practCcabIe CN t@e requCred sCze.
T@e Iosses aNd correctCoNs oN t@e asyLLetry for a sLaIIer detector were t@erefore studCed earA
ICer CN 2008 aNd pubICs@ed to t@e ArXCv. T@e pIaNCNg of t@Cs LeasureLeNt wCt@ aN eveN sLaIIer
detector caused us to CNvestCgate t@e probIeL furt@er.
To study suc@ probIeLs, t@e CLage of aLoNoAeNergetCc poCNt source oN t@e detector Cs defiNed
as t@e PoCNt Spread FuNctCoN (PSF). T@Cs respoNse caN t@eN be foIded wCt@ t@e eNergy spectruL
of t@e source asweII as t@e spacCaI source deNsCty CN order to fuIIy express t@e CLage of t@e source
oN t@e detector pIaNe.
A New Lat@eLatCcaI devCatCoN of t@e poCNt spread fuNctCoN was fouNd aNd appICed to t@e
Perkeo BBB setup. T@Cs CNvestCgatCoN was t@eN pubICs@ed CN 2014 [DRK+14].
Furt@er CNvestCgatCoN of sCNguIarCtCes CN t@e LoNoAeNergetCc PSF are dCscussed CN t@e Next
paper by Dubbers [Dub15]. T@e CNflueNce of a CN@oLogeNeous LagNetCc fieId aNd t@e geNerA
aICzatCoN to aNCsotropCc sources caN be fouNd CN Lore detaCI CN t@e preprCNt of t@e paper (see
arXCv:1501.05131v3).
SEue et aI. [SBK+15] evaIuate t@e CNflueNce oN t@eCr UCMA experCLeNt aNd verCfied t@e effects
CN a Iow fieId test LeasureLeNt. EspecCaIIy CN t@eCr Next geNeratCoN experCLeNt wCt@ a pCxeIated
detector, t@e spectraI effects CN sCNgIe pCxeIs @ave to be coNsCdered for a 10−3 reIatCve accuracy
LeasureLeNt.
BacGe [Bac15] provCdes a serCes expaNsCoN of t@e PSF aNd s@ows t@e practCcaICty of t@e NuLerA
CcaI aNd KoNte CarIo CNvestCgatCoNs of t@e detector effects of t@e PSF.
BN aNot@er paper ([Bac16a] wCt@ corrCgeNduL [Bac16b]) BacGe dCscusses soLe Cssues wCt@
approxCLatCoNs, soLe of w@Cc@ stCII reLaCN eveN after t@e corrCgeNduL. AddCtCoNaIIy t@e beA
@avCour of t@e PSF CN a CN@oLogeNeous LagNetCc fieId Cs dCscussed, wCt@ t@e coNcIusCoN t@at t@e
sLaII sCNguIarCtes are s@Cfted. T@Cs couId be expIaCNed by t@e dCffereNt quaICty of t@e adCabatCc
approxCLatCoN. Future experCLeNts s@ouId CNvestCgate t@e partCcIe traEectorCes CN detaCI usCNg
KoNte CarIo Let@ods as recoLLeNded CN t@e paper.
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7.1. Deriving a Point Spread Function for Charged Particles
in a Magnetic Field
T@e geNeraI setup Cs coNstructed as a poCNtAsource CNsCde a @oLogeNeous LagNetCc fieId CN zA
dCrectCoN ⃗⃗ ⃗⃗?⃗?(⃗⃗ ⃗⃗𝑥) = (0, 0, 𝐵𝑧). We are CNterested CN t@e spacCaI resoIved CLage oN a detector pIaNe
t@at Cs sCtuated a dCstaNce 𝑧0. To descrCbe t@e CNCtCaI dCrectCoN of eLCssCoN two aNgIes are CNtroA
duced. T@e pCtc@ aNgeI towards t@e LagNetCc fieId ICNe (poIar aNgIe) Cs caIIed 𝜃 aNd t@e aNgIe CN
t@e ort@ogoNaI pIaNe (azCLut@aI aNgIe) s@aII be caIIed 𝜙. T@e geNeraI LotCoN CNsCde a @oLogeA
NeousLagNetCc fieId caN be separated CN a gyratCoNLotCoN caused by t@e ort@ogoNaILoLeNtuL
coLpoNeNt aNd a drCft of t@e so caIIed guCdCNg ceNter of t@Cs spCraI LotCoN. T@e proEectedLotCoN
of a sCNgIe partCcIe Cs a cCrcIe arouNd a guCdCNg ceNter wCt@ dCstaNce 𝑟𝑔𝑦𝑟. AIIowCNg aII possCbIe
eLCssCoN aNgIes 𝜙 w@CIe GeepCNg a fixed 𝜃 gCves t@e LaxCLaI exteNd of t@e proEected LotCoN. A
cCrcIe wCt@ a dCaLeter of 4 𝑟𝑔𝑦𝑟.
T@e traEectory of a sCNgIe partCcIe CN t@e LagNetCc fieId caN be caIcuIated as
⃗𝑟(𝑡) = ̂𝑥 [𝑟(1 − cos(𝜔𝑡)) cos(𝜙) + 𝑟 sCN(𝜔𝑡) sCN(𝜙)]
− ̂𝑦 [𝑟(1 − cos(𝜔𝑡)) sCN(𝜙) + 𝑟 sCN(𝜔𝑡) cos(𝜙)]
+ ̂𝑧 (𝑝/𝐸)𝑡 cos(𝜃)
(7.1)
wCt@ t@e radCus of gyratCoN 𝑟 = 𝑟0 sCN(𝜃) depeNdCNg oN t@e LaxCLaI gyratCoN radCus 𝑟0 =
𝑝
𝑞𝐵 aNd
t@e pCtc@ aNgIe 𝜃 [SBK+15]. T@e aNguIar frequeNcy Cs gCveN by 𝜔 = 𝑞𝐵/𝑚 aNd for NegatCveIy
c@arged partCcIes oNIy t@e sCgN of eCt@er t@e xA or t@e yAcoLpoNeNt @as to be swCtc@ed.
T@e caIcuIatCoNs CN our paper are based oN t@e totaI p@ase aNgIe 𝛼 of t@e gyratCoN LoveLeNt
derCved froL t@e pCtc@ 𝑑 of t@e @eICx.
𝑑 = 2𝜋 𝑟0 cos(𝜃) (7.2)
For eac@ startCNg coNdCtCoN (eNergy aNd pCtc@ aNgIe) oNe caN fiNd t@e exact p@ase aNgIe for t@e
arrCvaI at t@e detector to be
𝛼 = 𝑧0𝑟0 cos(𝜃)
(7.3)
T@e dCspIaceLeNt of t@e partCcIe froL t@e proEected source caN be expressed as a very rapCdIy
oscCIIatCNg fuNctCoN of t@Cs p@ase aNgIe.
T@e cIassCcaI approac@ was to assuLe t@at aII p@ase aNgIes are dCstrCbuted eveNIy. BN t@at case
t@e probabCICty for a dCspIaceLeNt𝑅 (wroNgIy caIIed PSF CN our first paper [DRK+14]) Cs coNstaNt
𝑔(𝑅) ≡ d𝑃d𝑅 =
1
2 𝑟0
(7.4)
TaGCNg CNto accouNt t@at t@e area of detectCoN at 𝑅 gCveN d𝑅 @appeNs CN aN area d𝐴 = 2𝜋𝑅d𝑅,
t@e PSF t@erefore caN be wrCtteN as
𝑓 (𝑅) ≡ d𝑃d𝐴 =
𝑔(𝑅)
2𝜋𝑅 =
1
4𝜋 𝑅 𝑟0
(7.5)
UNfortuNateIy t@Cs resuIt Cs oNIy aN approxCLatCoN, sCNce CN t@e devCatCoN 𝜃 aNd 𝛼 are treated
as CNdepeNdeNt. Caused by t@e fixed dCstaNce of source aNd detector, t@ere Cs oNIy oNe p@ase
aNgIe for eac@ pCtc@ aNgIe wCt@ t@e reIatCoN
cos(𝜃) = 𝑧0/(𝑟0 𝛼) (7.6)
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DerCvCNg t@e PSF uNder t@Cs assuLptCoN Cs Lore coLpICcated aNd requCres t@e carefuI usage
of approxCLatCoNs. T@e resuItCNg PSF s@ows a reLarGabIe feature, NaLeIy spCGes or CNfiNCtCes at
certaCN dCspIaceLeNts w@ose posCtCoNs stroNgIy depeNd oN t@e dCstaNce of t@e detector aNd t@e
source1. T@Cs stroNg depeNdeNce @eIps to average out t@e sCNguIarCtCes as seeN CN t@Cs quote froL
Dubbers [Dub15].
”T@Cs paraLeter seNsCtCvCty of 𝑛0 Lay average out t@e sCNguIarCtCes of t@e PSF: T@ese
sCNguIarCtCes are No IoNger CNdCvCduaIIy resoIved experCLeNtaIIy Cf 𝑛0 c@aNges by 𝑛0 >
1. T@Cs @appeNs w@eN eCt@er Δ𝐵/𝐵 (e.g., for exteNded sources), or Δ𝑧0/𝑧0 (for axCaIIy
exteNded sources), or |Δ𝑝/𝑝| (for coNtCNuous spectra) CN [𝑛0 = 𝑒𝐵𝑧0/(2𝜋 𝑝)] exceeds
1/𝑛0.”
BN t@e fiNaI case of t@e protoN asyLLetry LeasureLeNt, we wCII @ave a voIuLCNous source
wCt@ a w@oIe eNergy spectruL aNd aII possCbIe eLCssCoN aNgIes. T@Cs CNtegratCoN wCII average
out soLe of t@e features of t@e LoNoAeNergetCc poCNt spread fuNctCoN.
7.2. Calculation for a Realistic Neutron Profile
For our CNCtCaI paper we caIcuIated t@e partCcIe Ioss aNd t@e ”Iost asyLLetry” for a reaICstCc beaL
profiIe. For t@at t@e CNtegrated PSF of t@e w@oIe eIectroN aNd protoN spectra was NuLerCcaIIy
foIded wCt@ a syLLetrCc beaL profiIe. T@Cs twoAdCLeNsCoNaI source CLage Cs caIcuIated for a
certaCN set of poCNts arraNged CN a reguIar grCd. BNtegratCNg over t@ese poCNts wCt@CN t@e ICLCts
of t@e detector of varCabIe sCze, aIIows to caIcuIate t@e NuLber of LCssed eIectroNs aNd protoNs.
AddCtCoNaIIy t@e PSF of t@e first HegeNdere poIyNoL (1,0) Cs foIded CN order to caIcuIate t@e corA
rectCoN for t@e asyLLetry vaIue.
As s@owN CN t@e secoNd Dubbers paper [Dub15], t@e dCstrCbutCoN after aN adCabatCc traNsport
of t@e decay partCcIes t@roug@ a LagNetCc gradCeNt towards t@e Iower fieId at t@e detector caN be
caIcuIated froL t@e stretc@ed orCgCNaI PSF.
𝑓 ′(𝑅′) = 𝑓 (𝑅√𝐵′/𝐵) (7.7)
T@Cs Cs due to t@e CNverse LagNetCc LCrror effect (for 𝐵′ < 𝐵) t@at CNcreases t@e radCC of t@e
partCcIes to 𝑟′ = 𝑟/√𝐵′/𝐵 w@CIe boostCNg t@e pCtc@ aNgIe cIoser to t@e LagNetCc fieId ICNe wCt@
sCN 𝜃′ = √𝐵′/𝐵 sCN 𝜃.
T@e LaEor resuIt froL t@Cs caIcuIatCoN Cs s@owN CN FCgure 7.1. T@e dCffereNces CN t@e protoN
aNd eIectroN curves orCgCNate CN t@e NoNAreIatCvCstCc be@avCour of t@e protoN coLpared to t@e
eIectroN aNd t@eCr dCffereNt spectra. T@Cs caIcuIatCoN proLpted us to eNIarge t@e detector froL
220LL to t@e LaxCLuL possCbIe sCze of 240LL.
7.3. Monte-Carlo Simulations of Energy Dependent
Edge-Effects
BN order to uNderstaNd t@e effects of a sLaII baffle or detector Ct Cs usefuI to CNvestCgate t@Cs
effect furt@er. T@e survCvaI probabCICty of t@e partCcIes t@roug@ t@e dCffereNt baffles Cs t@e first
paraLeter to study. T@e t@CcGNess of t@e baffle @as aN CNflueNce oN t@e effects. A partCcIe wCt@
a bCg pCtc@ of Cts @eICx caN gyrate arouNd t@e baffle aNd be detected at posCtCoNs be@CNd t@e
1Lore accurateIy t@e LCNCLaI NuLber of gyratCoN revoIutCoNs 𝑛0 = 𝑒𝐵𝑧0/(2𝜋𝑝) froL t@e ICLCt 𝜃 → 0
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FCgure 7.1.: CorrectCoN factor for t@e asyLLetrCes as caIcuIated CN [DRK+14] for a reaICstCc NeuA
troN profiIe. For baffles CN t@e detector vesseIs t@e sCze of t@e baffle @as to be LuItCA
pICed wCt@ √𝐵′/𝐵.
FCgure 7.2.: SGetc@ of severaI gyratCoN curves (das@ed) orCgCNatCNg CN t@e ceNter. T@e LaxCLuL
exteNd of t@e poCNt spread fuNctCoN Cs CNdCcated by t@e oraNge cCrcIewCt@ radCus 2𝑟𝑚𝑎𝑥
aNd t@e LaxCLuL square baffle CN bIacG. BNtroducCNg a sLaIIer square baffle (bIue)
s@ows t@at depeNdCNg oN t@e azCLut@ aNgIe 𝜙 soLe gyratCoN curves Never touc@ t@e
baffle (greeN) or partCaIIy overIap wCt@ t@e baffle(red). PartCcIes wCt@ Iess eNergy or
a sLaIIer poIar aNgIe towards t@e LagNetCc fieId 𝜃 @ave sLaIIer gyratCoN radCC.
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baffle, w@ereas a t@CcG baffle aIso absorbs aIoNg t@e sCde waIIs aNd stops aII partCcIes t@at @ave a
proEected trace t@at at oNe poCNt touc@es or eNters t@e baffle.
A reaI baffle Cs ICGeIy to be a LCx of bot@. EspecCaIIy for sLaII aNgIes to t@e LagNetCc fieId t@e
pCtc@ of t@e @eICx Cs so bCg, t@at aNy reaI baffle caN be treated as a t@CN baffle. To estCLate @ow t@CN
t@e baffle Cs Ct LCg@t be usefuI to caIcuIate t@e p@ase dCffereNce Δ𝛼 t@at occurs w@CIe t@e partCcIe
flCes t@roug@ t@e baffle t@CcGNess Δ𝑧. A t@CN baffle t@erefore saLpIes oNIy a very sLaII part of
t@e w@oIe gyratCoN LotCoN of a sCNgIe partCcIe.
UsCNg EquatCoN 7.1, oNe caN CNtegrate t@e NuLber of absorbed partCcIes NuLerCcaIIy usCNg
Kat@eLatCca [Kat@10] wCt@ t@e AdaptCve KoNte CarIo Ket@od.
T@Cs caIcuIatCoNs assuLe a quasC poCNt source t@at Cs exteNded aIoNg t@e LagNetCc fieId ICNe,
suc@ t@at t@e sCNguIarCtCes are aII averaged out aNd t@e cIassCc assuLptCoN of CNdepeNdeNt 𝜃 aNd 𝛼
Cs vaICd agaCN. T@e source caN eLCt t@e c@aracterCstCc 𝛽AspectruL of NeutroN decay aNd t@erefore
@as a LaxCLuL eNergy of 𝐸0 = 783 GeV. A square baffle wCt@ a LaxCLuL wCdt@ of four tCLes
t@e LaxCLaI gyratCoN radCus at 𝐸0 Cs added. T@Cs sCtuatCoN Cs sGetc@ed CN FCgure 7.2. Bt s@ows
severaI possCbIe traEectorCes of a sCNgIe eLCssCoN wCt@ coNstaNt eNergy aNd aNgIe CN das@ed ICNes.
T@e oraNge cCrcIe s@ows t@e LaxCLaI exteNd of t@e traEectorCes. BN bIue a sLaIIer baffle Cs drawN.
T@e traNsLCssCoN probabCICty of eIectroNs Cs t@e reIevaNt quaNtCty aNd Ct depeNds oN t@e sCze
of t@e baffle opeNCNg aNd t@e eNergy of t@e source. T@erefore two sets of pIots are geNerated, t@e
traNsLCssCoN as a fuNctCoN of t@e baffle sCze for severaI eNergCes aNd t@e ot@er way arouNd t@e
traNsLCssCoN spectra as a fuNctCoN of eNergy for severaI wCdt@s of t@e baffle. FCgure 7.3 s@ows
t@ese pIots for t@e t@CN baffle aNd t@e pIots for t@e t@CcG baffle caN be fouNd CN FCgure 7.4. T@e
first type of pIot Cs aIso geNerated as t@e average for eNergCes weCg@ted wCt@ t@e FerLC spectruL
of NeutroN 𝛽Adecay (see FCgure 7.5). ?ere t@e fractCoN of Iost or absorbed eIectroNs Cs pIotted
CNstead of t@e traNsLCssCoN because t@e traNsLCssCoN Cs aILost 1 at baffle sCzes of 2𝑟𝑚𝑎𝑥.
For t@e t@CN baffle t@e CNtegraI ruNs over 𝜃 ∈ [0, 𝜋/2], 𝜙 ∈ [0, 2𝜋] aNd 𝛼 ∈ [0, 2𝜋]. BNteA
graNd Cs a booI fuNctCoN t@at returNs 0 Cf t@e absoIute vaIue of oNe of t@e coordCNates Cs bCgger
t@aN @aIf t@e sCze of t@e baffle opeNCNg. T@Cs @as to be weCg@ted wCt@ sCN(𝜃)d𝜃. T@Cs NuLerCcaI
CNtegratCoN caN be speed up by settCNg t@e approprCate precCsCoN aNd accuracy goaIs as weII as
t@e rCg@t CNtegratCoN Let@od. BN t@Cs case t@e Let@od ”AdaptCveKoNteCarIo” was c@oseN. T@e
correspoNdCNg code caN be fouNd CN t@e appeNdCx CN FCgure C.2
To caIcuIate t@e t@CcG baffle aII cycIes t@at @ave a part of t@eCr proEected LotCoN exteNdCNg
beyoNd t@e baffle opeNCNg @ave to be excIuded froL t@e CNtegratCoN. As seeN CN FCgure 7.2 t@e
LaxCLuLxA or yAcoordCNate of a cycIe Not oNIy depeNds oN 𝛼 but aIso oN𝜙. To fiNd t@eLaxCLuL
vaIue we set t@e derCvatCve to zero.
0 = 𝜕𝛼𝑥(𝑟0, 𝜃, 𝜙, 𝛼) = 𝑟0 sCN(𝜃) sCN(𝛼 + 𝜙) (7.8)
0 = 𝜕𝛼𝑦(𝑟0, 𝜃, 𝜙, 𝛼) = 𝑟0 sCN(𝜃) cos(𝛼 + 𝜙) (7.9)
T@e extreLe vaIues are t@eN fouNd at 𝛼 = 2𝜋 − 𝜙 aNd 𝛼 = 𝜋 − 𝜙 for t@e 𝑥AcoordCNate aNd
𝛼 = −𝜙 ± 𝜋/2 for t@e 𝑦AcoLpoNeNt. T@Cs aIIows to wrCte t@e CNtegraNd agaCN as a booI fuNctCoN
but oLCttCNg t@e CNtegratCoN over 𝛼 (see FCgure C.1 CN t@e appeNdCx for t@e code).
T@e caIcuIated case Cs Not coLpIeteIy reaICstCc, sCNce Ct Cs oNIy caIcuIated for a poCNtAICGe source
aNd t@e resuIts for a reaICstCc source profiIe, t@at exteNds CN aII t@ree dCLeNsCoNs aNd @as a soft
edge, wCII probabIy dCffer. AIso t@e LagNetCc fieId Cs coNstaNt aNd does Not vary CN streNgt@ ICGe
CN Perkeo BBB aNd ot@er sCLCIar experCLeNts. BN t@ose experCLeNts t@e dCstrCbutCoN of t@e pCtc@
aNgIe Cs s@Cfted w@Cc@ CNflueNces t@Cs caIcuIatCoN.
Our square detector caN be seeN as a t@CN baffle sCNce t@e aIuLCNCuL base pIate of t@e detector
absorbs aII partCcIes wCt@ posCtCoNs out of t@e actCve area. Bf oNe @as a free staNdCNg arraNgeLeNt
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FCgure 7.3.: EIectroN traNsLCssCoN of a t@CN square baffle or detector. T@e upper pCcture s@ows t@e
traNsLCssCoN as a fuNctCoN of t@e baffle/detector sCze for dCffereNt eIectroN eNergCes.
T@e Iower pCcGture s@ows traNsLCssCoN spectra for dCffereNt baffle/detector sCzes. 𝐸0
Cs t@e eNd poCNt eNergy of t@e eIectroN spectruL aNd baffle sCze Cs gCveN CN uNCts of 4
tCLes t@e LaxCLaI radCus.
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FCgure 7.4.: EIectroN traNsLCssCoN of a t@CcG square baffle. T@e upper pCcture s@ows t@e traNsA
LCssCoN as a fuNctCoN of t@e baffle/detector sCze for dCffereNt eIectroN eNergCes. T@e
Iower pCcGture s@ows traNsLCssCoN spectra for dCffereNt baffle/detector sCzes. 𝐸0 Cs
t@e eNd poCNt eNergy of t@e eIectroN spectruL aNd baffle sCze Cs gCveN CN uNCts of 4
tCLes t@e LaxCLaI radCus.
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FCgure 7.5.: Hoss factor of t@e 𝛽AspectruL froL a poCNt source t@roug@ a square bafflewCt@wCdt@
reIatCve to 4𝑟𝑚𝑎𝑥(𝐸0). T@e pIot s@ows NuLerCcaI fluctuatCoNs at t@e 10−4AIeveI.
of scCNtCIIator aNd ICg@tAguCdes, t@e Not scCNtCIIatCNg ICg@t guCdes act as aN absorber. BN a reaI case,
t@e scatterCNg oN baffle surfaces aNd t@e LuItCpIe scatterCNg CNsCde absorbCNg LaterCaI @ave to be
coNsCdered. AIso CN t@e case of a t@CcG detector t@at aIIows gyratCNg partCcIes to eNter froL t@e
sCde faces @as to be caIcuIated dCffereNtIy.
Bf oNe waNts to CNcIude suc@ effects, aIso t@e reaI LagNetCc fieId coNfiguratCoN @as to be coNA
sCdered CNcIudCNg 𝑅 × 𝐵 drCfts aNd CN@oLogeNeCtCes as t@ey @ave a stroNg CNflueNce oN t@e Iow
eNergetCc protoNs. For t@e protoNs aIso t@e traNsLCssCoN fuNctCoN of t@e retardatCoN eIectrodes
aNd t@e coLbCNed effects of t@e eIectrCc aNd LagNetCc fieIds surrouNdCNg t@e @Cg@ voItage coNA
versCoN systeL @ave to be coNsCdered.
7.4. Lost Protons in the Final Geometry
ANot@er resuIt froL t@e caIcuIatCoNs wCt@ t@e reaICstCc NeutroN profiIe Cs t@e fractCoN of t@e Iost
partCcIe flux t@at does Not @Ct t@e detector. T@e assuLed NeutroN profiIe Cs syLLetrCc CN @orCzoNA
taI aNd vertCcaI dCrectCoN, t@Cs Cs aN acceptabIe sCLpICficatCoN. T@e reaI NeutroN fieId Cs sICg@tIy
asyLLetrCc CN @orCzoNtaI dCrectCoN aNd t@e vertCcaI profiIe dCffers a bCt froL t@e @orCzoNtaI. T@e
LaxCLuLwCdt@ of t@e NeutroN profiIe Cs 15.6 cL (13.0 cL at 10%ΦLax) aNd t@e ceNtraI @oLogeA
Neous part Cs approxCLateIy 7.06 cL (at 90%ΦLax) wCde. FuII wCdt@ at @aIf LaxCLuL Cs 10.0 cL
A twodCLeNsCoNaI pIot of t@e deNsCty caN be fouNd CN FCgure 7.6. SCNce t@e profiIe Cs syLLetrCc
oNIy oNe quadraNt Cs pIotted. To CLprove t@e vCsCbCICty of t@e Iow flux parts, t@e pIotted vaIue Cs
Iog10 Φ𝑛. As oNe caN see, t@e resuItCNg flux profiIe of t@e protoNs Cs Iess steep aNd exteNds 2𝑟Lax
furt@er CN every dCrectCoN.
To caIcuIate t@e Iosses CN a detector, t@Cs flux profiIe @as to be CNtegrated over t@e area of t@e
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FCgure 7.6.: T@e deNsCty dCstrCbutCoNs of t@e protoNs Cs broader aNd Cts LaxCLaI exteNd Cs bCgA
ger by two gyratCoN radCC. Bot@ pIots @ave t@e saLe axCs scaICNg aNd caN dCrectIy
coLpared.
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FCgure 7.7.: Host partCcIes for a ceNtered square baffle or detector.
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detector aNd be coLpared wCt@ t@e CNtegraI of t@e LaxCLuL possCbIe area. T@ose resuIts for t@e
eIectroN aNd t@e protoN beaL are s@owN CN FCgure 7.7. T@e dCffereNces of eIectroNs aNd protoNs
Cs caused by t@e dCffereNt eNergy spectra aNd by t@e secoNdary effect of t@e dCffereNt LoLeNtuL
caIcuIatCoN. For t@e eIectroN reIatCvCstCc effects @ave to be coNsCdered.
Bot@ pIots dCscussed CN t@Cs sectCoN are caIcuIated CN t@e decay voIuLe. BN order to traNsforL
t@Cs dCstrCbutCoNs CNto coNdCtCoNs CN t@e detector vesseI, t@e dCstrCbutCoN @as to be stretc@ed by
t@e factor of t@e LagNetCc LCrror (√𝐵′/𝐵). T@e LaxCLuL exteNd of t@e secoNdary partCcIes Cs
26.16 cL for bot@ partCcIes.
7.5. Uncertainty of the Correction
For t@e used 10 cL × 8 cL foCI t@e correctCoN oN t@e asyLLetry Cs 𝐶Leas/𝐶0 − 1 = 0.0181 aNd for
t@e oIder foCI @oIder wCt@ 11 cL × 9 cL 𝐶Leas/𝐶0 − 1 = 0.0188. For t@e square foCI @oIder of t@e
bCg foCI 21.5 cL × 21.5 cL t@e correctCoN Cs oNIy 0.005 57.
To estCLate t@e CNflueNce of t@e uNcertaCNty of t@e LagNetCc fieId aNd t@e absoIute foCI sCze,
bot@ were varCed CNdepeNdeNtIy aNd t@e absoIute s@Cft CN t@e correctCoN Cs pIotted CN FCgure 7.8
aNd FCgure 7.9. T@ese pIots agaCN assuLe a square baffle or detector to ease t@e caIcuIatCoN.
EveN for @uge uNcertaCNtCes CN t@e sCze of t@e baffle or t@e LagNetCc fieId at t@e baffle, t@e
correctCoN stays sLaII for t@e used foCI sCzes. T@e usage of t@e sLaII foCIs pIaced us Near t@e
LaxCLuL correctCoN, w@Cc@ seeLs a bad spot for a LeasureLeNt. FortuNateIy t@e correctCoN Cs
very flat CN t@Cs regCoN, w@Cc@ aIIows to caIcuIate t@e asyLLetry quCte accurateIy.
For a reasoNabIe accuracy of 1LT Near t@e detector t@e correctCoN caN be caIcuIated wCt@
<1 × 10−4 precCsCoN. T@e uNcertaCNty due to t@e sCze (aNd posCtCoNCNg) of t@e baffle Cs approxCA
LateIy <1 × 10−3 for ±0.5 cL.
AgaCN t@Cs caIcuIatCoN does Not taGe t@e eIectrCc fieIds, 𝑅×𝐵 or coLbCNed eIectrCc aNdLagNetCc
fieIds CNto accouNt. T@ose are oNIy avaCIabIe CN a fuII tracGCNg sCLuIatCoN of t@e experCLeNt.
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FCgure 7.8.: DepeNdeNce oN wCdt@ of t@e baffle. T@e correctCoN aNd t@e s@Cft CN correctCoN for
dCffereNt uNcertaCNtCes CN t@ewCdt@ of t@e baffle are pIotted. EveN for aN ”uNcertCNaty”
of ±2 cL t@e c@aNges CN t@e correctCoN factor stay uNexpectetIy sLaII.
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FCgure 7.9.: DepeNdeNce oN t@e accuracy of t@e LagNetCc fieId. T@e correctCoN aNd t@e s@Cft CN
correctCoN for dCffereNt uNcertaCNtCes CN t@e streNgt@ of t@eLagNetCc fieId at t@e baffle
are pIotted.
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7. Point Spread Function and Edge-Effect as a Major Systematic Effect
7.6. Observation the Energy Dependent Edge Effect
BN order to bacG up t@e caIcuIatCoNs wCt@ LeasureLeNt data we returNed to oNe of t@e test LeaA
sureLeNts CN DeceLber 2014 w@ere we used t@e fuII LagNetCc fieId streNgt@ aNd oNe bCg foCI oN
t@e GreNobIe detector. T@e sLaIIest baffle CNsCde t@e systeL Cs t@e coNversCoN foCI @oIdCNg fraLe.
UNfortuNateIy Ct Cs oNIy 1LL t@CN aNd LCg@t Not absorb aII very @Cg@ eNergetCc eIectroNs. T@Cs
LeasureLeNt caN be coLpared wCt@ t@e eIectroN spectra froL t@e eNd of t@e beaL tCLe CN DuIy
2015.
Ot@er dCffereNces are t@e LCssCNg eNergy caICbratCoN of t@e bCg foCI data aNd t@e coLpIeteIy
dCffereNt ?VAsettCNgs of t@e PKTs. AddCtCoNaIIy t@e upstreaL detector (Det 1) @ad oNe dCscoNA
Nected PKT due to Cssues wCt@ t@e @Cg@AvacuuL coLpatCbIe cabIe.
Mevert@eIess oNe caN try to coLpare t@e twoLeasureLeNts. T@e sCgNaI froL t@eLeasureLeNt
wCt@ t@e bCg foCI @ad to be scaIed wCt@ 7/8 to coLpeNsate for t@e CNoperabIe PKT. Due to t@e
stroNg 2DArespoNse CN@oLogeNeCty of t@e sCNgIe PKT sCgNaIs (see t@e c@apter about t@e 4AsCde
readout sectCoN 6.2), t@Cs scaICNg Cs oNIy a very roug@ estCLate.
Energy [channels]
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FCgure 7.10.: Spectra froL t@e bot@ LeasurLeLeNts wCt@ t@e sLaII aNd bCg foCI.
T@e spectra of bot@ LeasureLeNts are s@owN CN FCgure 7.10. T@ey @ave beeN NorLaICzed for
t@e dCffereNtLeasureLeNt tCLe aNd oN t@e sLaII foCI we detect oNIy about 40% of t@e eveNtswCt@
t@e bCg foCI. AIso we caN observe t@at t@e eNd poCNt eNergy of t@e spectra are Not coLparabIe.
T@Cs Cs straNge, because eveN for very sLaII apertures oNe caN expect to see a fractCoN of t@e
@Cg@est eNergetCc partCcIes (coLpare FCgure 7.3).
EveN t@oug@we caN suspect t@at t@e data Cs Not reaIIy coLparabIe, we caN try to see t@e reIatCve
factor betweeN t@e twoLeasureLeNts. DCvCdCNg t@e spectruLof t@e sLaII foCI by t@e spectruLof
t@e bCg foCI, s@ouId gCve a traNsLCssCoN spectruL of t@e sLaII foCI. T@Cs Cs preseNted CN FCgure 7.11
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FCgure 7.11.: Spectra froL t@e dCvCsCoN of t@e sLaII aNd bCg foCI.
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FCgure 7.12.: Spectra froL t@e dCffereNce of t@e sLaII aNd bCg foCI.
79
-5000

Part III.
Measurement of the Proton
Asymmetry
81

8. Beamtime Overview
T@e CNstruLeNt was set up at t@e BHH CN GreNobIe froLKarc@ 2014 uNtCI DuIy 2015. Due to deIays
CN foCI productCoN aNd severaI @ardware faCIures, CNcIudCNg t@e Ioss of oNe 600A power suppIy
aNd t@e cooICNg water purCficatCoN systeL, Ct tooG uNtCI DeceLber 2014 to proof t@at t@e systeL
was CNdeed detectCNg protoNs. Toget@er wCt@ a detaCIed pIaN for furt@er CLproveLeNts, t@Cs
aIIowed us to exteNd t@e stay at t@e BHH for aNot@er cycIe of data taGCNg CN Kay 2015. After a
t@oroug@ LeasureLeNt of t@e poIarCzatCoN aNd LaNy datasets of systeLatCcs studCes, t@e first
asyLLetry data was coIIected. A uNforeseeN reactor s@ut dowN Iead to a fiNaI exteNsCoN of 13
days of beaL tCLe CN DuNe. T@e data coIIected CN t@ese days Cs t@e LaCN source for t@Cs aNaIysCs.
FCgure 8.1.: PCcture of t@e spectroLeter CNstaIIed at t@e beaLsCte
BN addCtCoN to t@e @ardware faCIures, ot@er t@CNgs aIso sIowed dowN t@e progress of t@e beaLA
tCLe. KaNy tests requCred a sufficCeNt vacuuL t@at tooG at Ieast oNe day of puLpCNg, w@Cc@
CNcreased t@e feedbacG tCLe of t@e tests. T@e ?VASysteL was tested to be stabIe at atLosp@erCc
pressure as weII as uNder vacuuL, Nevert@eIess w@eN coLbCNed CN t@e fiNaI geoLetry usCNg two
?VASysteLs aNd t@e Perkeo LagNetCc fieId geoLetry t@e fieId CN t@e ?VAsysteLs wouId breaG
dowN at Iow voItages (<1 GV) uNder vacuuL. KaNy tests requCred a sufficCeNt vacuuL t@at tooG
at Ieast oNe day of puLpCNg, w@Cc@ CNcreased t@e feedbacG tCLe of t@e tests but fiNaIIy Lost of
t@e probIeLs couId be resoIved.
ANot@er source of deIays was t@e extreLeIy fragCIe coNversCoN foCI. BN t@e prevCous LeasureA
LeNt of Perkeo BB Ct was possCbIe to traNsport approxCLateIy teN foCIs froL KuNCc@ to GreNobIe
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w@CIe oNIy breaGCNg two of t@eL oN t@e way. T@e productCoN of t@e bCg foCIs was addCtCoNaIIy
Luc@ Lore depeNdeNt oN t@e rCg@t weat@er coNdCtCoNs durCNg t@e productCoN. CurreNtIy t@e
foCIs caN oNIy be produced CN KuNCc@, w@Cc@ Lade us stroNgIy depeNdeNt oN t@e status of t@e
Iab aNd t@e coNdCtCoNs of t@e productCoN eNvCroNLeNt. A first successfuI traNsport of foCIs CN
2104 caused us to uNderestCLate t@e daNgers of t@e foCI traNsport. AII ot@er traNsports of t@e bCg
foCIs faCIed eveN t@oug@ we trCed our best to LaxCLCze safety oN t@e traNsports. T@erefore we
@ad to use sLaII foCIs for t@e fiNaI LeasureLeNt w@Cc@ wCII coNtrCbute to our systeLatCc error.
BN addCtCoN to t@e aut@or t@ree P@D studeNts were CNvoIved CN t@e beaLtCLe. C. RoCcG (?eCdeIA
berg / KuNCc@) aNd K. FIopf (VCeNNa) atteNded t@e fuII beaLtCLe. ?. SauI (VCeNNa / KuNCc@)
worGed fuII tCLe oN sCte uNtCI t@e eNd of 2014 aNd @e assCsted t@e poIarCzatCoN LeasureLeNt CN
2015. Dr. T. SoIdNer (BHH) was CNvoIved as t@e IocaI coNtact aNd beaL sCte respoNsCbIe. ?e coorA
dCNated t@e LeasureLeNt wCt@ t@e BHH aNd was CNvoIved CN aII LaEor decCsCoNs. Dr. G. FoNrad
(VCeNNa) atteNded aII beaL tCLes aNd supervCsed t@e CLproveLeNts CN t@e begCNNCNg of 2015.
Prof. Dr. B. KärGCsc@ (?eCdeIberg / KuNCc@) Cs t@e proEect Ieader of t@e Perkeo BBB experCLeNts.
AddCtCoNaI support CN weeGIy dCscussCoNs caLe froL ApI. Prof. U. Sc@LCdt (?eCdeIberg) aNd
Prof. Dr. ?. AbeIe (VCeNNa). W. Kac@, a P@D studeNt froL VCeNNa, assCsted durCNg t@e CNCtCaI
Lec@aNCcaI setup of t@e beaLICNe aNd spectroLeter aNd perforLed t@e poIarCzatCoN LeasureA
LeNt toget@er wCt@ T. SoIder aNd ?. SauI. T@ree CNterNs @eIped wCt@ varCous tasGs w@CIe settCNg
up t@e experCLeNt. D. Koser (VCeNNa) started @Cs Laster t@esCs oN t@e proEect after fiNCs@CNg
@Cs CNterNs@Cp aNd Cs curreNtIy worGCNg oN a sCLuIatCoN of t@e LagNetCc fieId. D. Berruyer (BHH)
was t@e tec@NCcaI assCstaNt of t@e PF1B beaLsCte. For severaI @eavy tasGs we @ad teLporary
assCstaNce froL tec@NCcCaNs froL ?eCdeIberg, KuNCc@ aNd t@e BHH.
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9. Data Analysis
9.1. Methods
T@e data aNaIysCs Cs LaCNIy @aNdIed by t@e custoL Lade prograL NaLed p3reduce t@at was
deveIoped by ?. SauI [Sau16]. Bt Cs based oN severaI earICer aNaIysCs prograLs froL prevCous
Perkeo LeasureLeNts aNd adapts t@e Cdeas of coNfiguratCoN fiIes aNd severaI CNterLedCate outA
put fiIes t@at caN be geNerated CNdepeNdeNtIy. T@Cs approac@ was very usefuI CN t@e past. T@e
New prograL exteNsCveIy uses LoderN features of C++ ICGe teLpIates. T@erefore Ct was reIatCveIy
easy to add t@e capabCICty to @aNdIe t@e New data froL t@e protoNLeasureLeNt. T@e New detecA
tor @asLore PKTs per detector, utCICzes aNot@er TDC aNd @as a dCffereNt data fiIe structure. T@Cs
LodCficatCoNs of t@e p3reduce software were doNe by ?. SauI. B CLpIeLeNted severaI pIugCNs
for t@e aNaIysCs software aNd Lade exCsteNt pIugCNs coLpatCbIe wCt@ t@e New protoN data.
UsefuI fuNctCoNs of t@e ROOT fraLeworG are eNcapsuIated CN t@e software aNd aII CNterLedCA
ate aNd fiNaI output fiIes are coLpatCbIe ROOTfiIes. For eac@ aNaIysCs step aN CNput ICst Cs Needed
t@at specCfies t@e IocatCoN of t@e data fiIes. AddCtCoNaI CNforLatCoN suc@ as CNvaICd cycIes are aIso
coded CN t@e CNput fiIe. A gIobaI coNfiguratCoN specCfies coLLoN settCNgs suc@ as t@e NuLber
of eNergy bCNs CN t@e spectra. Ot@er optCoNs caN be set gIobaIIy aNd IocaIIy for eac@ aNaIysCs.
Suc@ settCNgs CNcIude fiIter settCNgs, ToFAwCNdow defiNCtCoNs, reIatCve scaICNg factors aNd severaI
output optCoNs.
T@Cs protoN LeasureLeNt Cs dCffereNt froL a stabIe eIectroN LeasureLeNt wCt@ coNstaNt LeaA
sureLeNt sc@eduIe. SeveraI tCLeswe @ad to optCLCze t@e @Cg@ voItage settCNgs aNdweLeasured
at dCffereNt retardatCoN eIectrode settCNgs. T@e aNaIysCs prograL Cs Not suCted for suc@ a @Cg@
NuLber of coNfiguratCoNs. T@erefore t@e CNput ICsts are preAseIected aNd categorCzed by aN exA
terNaI scrCpt. CarefuI study of t@e LeasureLeNt IogbooG @eIped to separate data fiIes t@at were
used to debug or optCLCze t@e systeL froL t@e reaI LeasureLeNt data. AddCtCoNaIIy, aII cycIes
wCt@ faCIed water cooICNg, power suppIy or NeutroN beaL @ad to be sorted out. T@e exterNaI
scrCpt t@eN reads aII t@e Leta data froL t@e ROOT fiIes froL t@e accepted Laster ICst. T@Cs scrCpt
t@eN detects t@e dCffereNt eIectrode settCNgs used CN t@e cycIes of t@e fiIe. Bt respects t@e LappCNg
of eIectrodes to ?V c@aNNeIs w@ose defiNCtCoN c@aNged soLetCLes.
Bf a retardatCoN settCNg Cs stabIe over t@ew@oIe fiIe, t@Cs fiIe Cs added to t@e prCLe ICst of fiIes t@at
aII @ave t@Cs retardatCoN settCNg. BN case t@at a data fiIe coNtaCNs eveNts t@at were coIIected w@CIe
t@e retardatCoN systeL was raLped up or dowN, t@at fiIe Cs oNIy added to a secoNdary ICst t@at
aIso accepts fiIes wCt@ NoN coNstaNt retardatCoN settCNgs. T@e few cycIes wCt@ uNstabIe voItages
w@CIe raLpCNg are LarGed CNvaICd. T@Cs LCg@t CNtroduce a bCas, sCNce Ct Cs aIways t@e first cycIes
t@at are reLoved. T@e retardatCoN settCNgs are NaLed after t@e @Cg@est voItage t@ey provCde. For
exaLpIe FULL850_BT Cs desCgNed to coLpIeteIy bIocG t@e protoNs, w@CIe PROTONBLOCK10_BT aNd
PROTONBLOCK10_BT_NO_RAMPING are coIIectedwCt@ aLaxCLuLpoteNtCaI of 10V. Bf t@e retardatCoN
systeL Cs grouNded t@e settCNg Cs caIIed DEFAULT.
UNused fuNctCoNaICty of t@e LaCN aNaIysCs prograL (p3reduce) Cs t@e groupCNg CN caICbratCoN
aNddrCft sets t@at are CNdepeNdeNtIy @aNdIed. T@Cs caNNot be used because t@e caICbratCoN devCce
was Not CNstaIIed durCNg t@eLeasureLeNt. But t@e groupCNg Cs Nowused to dCstCNguCs@ dCffereNt
settCNgs of t@e foCI’s @Cg@ voItage. T@e LaNy c@aNgCNg coNfiguratCoNs are dCvCded CNto five LaEor
datasets. TabIe 9.1 s@ows t@e cycIe raNges aNd a s@ort c@aracterCzatCoN of t@e datasets.
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Mo. first cycIe Iast cycIe Mo. cycIes coLLeNts
0 0 417 813 before t@e start of t@e Iast beaLtCLe
1 417 814 434 621 16 807 bot@ degraders above 15 GV
2 434 750 484 474 49 724 GreNobIe 15 GV; HyoN varCed arouNd t@at
3 484 894 511 301 26 407 GreNobIe aNd HyoN varCed <15 GV
4 511 302 519 329 8027 HyoN degrader s@ut dowN
5 519 510 523 733 4223 Bot@ degrader off; oNIy eIectroNs
TabIe 9.1.: GroupCNg of t@e cycIes CN t@e Iast beaLtCLe. Groups 1 to 3 are ofteN grouped as t@e
fuII data set for protoN asyLLetry data. T@Cs Cs t@eN caIIed group −1. GreNobIe Cs t@e
upstreaL degrader aNd HyoN t@e dowNstreaL degrader.
9.2. Pedestals
T@e NaturaI NoCse CN t@e aNaIogue part of t@e readout systeL Ieads to aN exteNded dCstrCbutCoN
of ADC vaIues eveN for eveNts wCt@ No eNergy deposCtCoN CN t@at ADC. To avoCd to cut CNto
parts of t@Cs spectruL, t@e ADC adds a sLaII sCgNaI to eac@ CNtegratCoN. T@Cs s@Cfts t@e NoCse
dCstrCbutCoN by t@e aLouNt of t@e so caIIed pedestaI. Eac@ CNdCvCduaIADC@as a sICg@tIy dCffereNt
pedestaI vaIue. T@e wCdt@ of t@e pedestaI sCgNaI dCstrCbutCoN CN eac@ ADC Cs very gaussCaN aNd
Cs 𝜎ADC ≈ 30 c@. W@eN coLbCNCNg eCg@t ADCs to a detector sCgNaI, t@e wCt@ of t@e coLbCNed
pedestaI Cs expected to be 𝜎det ≈ √8𝜎ADC ≈ 85 c@
As aN addCtCoNaI aNd prevCousIy uNused feature we stored two saLpIes of t@e ADC vaIues per
trCgger eveNt. ONe saLpIe before t@e CNtegratCoN aNd t@e ot@er after t@e CNtegratCoN. UsuaIIy we
use t@e dCffereNce of bot@ ADC saLpIes. T@Cs reduces t@e aLpICtude of t@e pedestaI t@at we @ave
to subtract but does Not get rCd of t@e pedestaI coLpIeteIy. TaGCNg oNIy t@e secoNd saLpIe of t@e
ADC Cs coLparabIe to t@e way t@e ADC sCgNaI was recorded CN t@e prevCous LeasureLeNt.
BN t@Cs prevCous LeasureLeNt wCt@ t@e curreNt ADCAboards [Kes11] t@e pedestaIs were exA
tracted froL eveNts CN w@Cc@ oNIy oNe detector trCggered. T@ere t@e sCgNaI oN t@e Not trCggered
detector caN be taGeN as t@e pedestaI. We CNtroduced aNot@er way to Leasure t@e pedestaIs. At
t@e begCNNCNg aNd t@e eNd of eac@ LeasureLeNt fiIe t@e eIectroNCcs Eust recorded sCgNaIs wCt@
aN artCficCaI trCgger. T@e data of t@ose LeasureLeNts was coIIected CN two pedestaI trees caIIed
first aNd Iast, w@Cc@ were Leasured at t@e start aNd eNd of t@e data fiIe respectCveIy.
(a) UpstreaL Detector (GreNobIe) (b) DowNstreaL Detector (HyoN)
FCgure 9.1.: FCt of t@e detector pedestaI of a sCNgIe data fiIe froL t@e lastPedestalTree CN dCffLode.
T@e pedestaIs caN be extracted froL t@Cs LeasureLeNts. For eac@ data fiIe t@e pedestaI of eac@
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PKTs Cs coIIected froL t@e pedestaI tree aNd t@eN fitted wCt@ a gaussCaN dCstrCbutCoN. TypCcaI reA
suIts of t@ose fits are preseNted CN FCgure 9.1. T@e ceNtraI vaIue Cs coNsCdered t@e pedestaI aNd Cts
vaIue sIowIy drCfts wCt@ tCLe as seeN CN FCgure 9.2a. T@e aLouNt of fluctuatCoN Cs coLparabIe to
t@e Iast LeasureLeNt w@ere t@e pedestaI c@aNges were approxCLateIy 40 c@ arouNd t@e vaIue of
about 7250 c@ extracted froL t@e NoNAdCffereNtCaI LeasureLeNtLode. T@ewCdt@ of t@e pedestaI
fit Cs very coNstaNt over t@e w@oIe LeasureLeNt tCLe (see FCgure 9.2b). T@e average wCdt@ oN
t@e GreNobIe detector Cs 80.4ADC UNCts aNd 83.9ADC UNCts oN t@e HyoN detector as expected
froL t@e c@aracterCzatCoN of t@e ADC LoduIes CN t@e Iast beaLtCLe.
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(a) PIot of t@e coLbCNed detector pedestaI over t@e
Iast beaLtCLe.
60
70
80
90
100
110
16.06. 18.06. 20.06. 22.06. 24.06. 26.06. 28.06. 30.06.
De
te
cto
rp
ed
es
ta
ls
wi
dt
h
[A
DC
Un
its
]
Time
Grenoble Detector
Lyon Detector
(b) PIot of t@e coLbCNed detector pedestaI wCdt@
over t@e Iast beaLtCLe.
FCgure 9.2.: PIots of t@e pedestaI over t@e Iast beaLtCLe.
BN every furt@er aNaIysCs, t@Cs pedestaI vaIue of eac@ PKT CN t@e specCfic data fiIe Cs subtracted
froL t@e Leasured ADC vaIue. T@ose pedestaI corrected ADC vaIues are t@eN coLbCNed to
t@e sCgNaI of t@e respectCve detector. At t@e saLe stage Ct Cs aIso possCbIe to scaIe eac@ PKT
CNdCvCduaIIy for t@e recaICbratCoN of t@e 2DArespoNse.
9.3. ToF and Rates
T@e Next step Cs to c@ecG t@e TCLe of FICg@t spectra, sCNce for a good bacGgrouNd subtractCoN t@e
couNt rate CN t@e bacGgrouNd wCNdow s@ouId be flat. T@ose ToF spectra vary wCt@ eac@ retarA
datCoN settCNg aNd aNaIysCs group. As aN exaLpIe t@e coLbCNed ToF spectruL of t@e t@Crd data
group for t@e retardatCoN settCNgs PROTONBLOCK10_BT aNd FULL850_BT are preseNted CN FCgure 9.3.
T@e posCtCoN of t@e sCgNaI ToF wCNdow Cs deterLCNed by t@e aNaIysCs of t@e veIocCty spectruL
of t@e NeutroNs beaL, w@Cc@ caN be caIcuIated froL t@e settCNgs of t@e veIocCty seIector aNd t@e
c@opper. T@e sCgNaI wCNdow Cs ceNtred arouNd 4.7Ls aNd curreNtIy exteNds 1Ls CN bot@ dCrecA
tCoNs. T@e tCLe wCNdow for t@e bacGgrouNd LeasureLeNt caN usuaIIy be pIaced soLew@ere
betweeN 11Ls aNd 13Ls. BN t@e furt@er aNaIysCs we taGe t@Cs w@oIe raNge as t@e bacGgrouNd
ToF wCNdow.
GeNeraIIy we caN fiNd t@e optCLaI bacGgrouNd wCNdow by fittCNg a ICNear sIope to t@e bacGA
grouNd. For t@e data sets preseNted CN FCgure 9.3 t@e bacGgrouNd fits good wCt@ a zero sIope
CN t@e raNge froL 11Ls to 13Ls For t@e FULL850_BT retardatCoN off t@e t@Crd data group t@e
sIope Cs 2.0(31) × 10−4 (C@C2/Ndf = 72.4377/78) for t@e upstreaL detector aNd −3.3(45) × 10−4
(C@C2/Ndf = 90.0564/78) for t@e dowNstreaL detector. T@e fits of t@e PROTONBLOCK10_BT dataset
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FCgure 9.3.: DCffereNt ToF Spectra froL t@e t@Crd ?V coNfiguratCoN dataset.
are sCLCIar wCt@ a sIope of −1.9(24) × 10−4 (C@C2/Ndf = 89.5489/78) for t@e upstreaL detector
aNd 4(36) × 10−5 (C@C2/Ndf = 77.1935/78) for t@e dowNstreaL detector.
W@eN extractCNg t@e rates for t@e dCffereNt retardatCoN settCNgs Ct caN be seeN t@at t@e rates
are very @Cg@. A typCcaI pIot of t@e NuLber of sCgNaI eveNts per cycIe over t@e Iast beaLtCLe Cs
s@owN CN FCgure 9.4. T@Cs pIot oNIy coNtaCNs t@e data froL t@e FULL850_BT retardatCoN settCNg.
PIots of t@e ot@er settCNgs aII IooG sCLCIar wCt@ a sLaII absoIute s@Cft caused by t@e bIocGCNg of
protoN CNteNsCty.
FroL t@e coLbCNed aNaIysCs of t@e dCffereNt retardatCoN settCNgs Ct caN be coNcIuded, t@at t@e
@Cg@ fluctuatCoN of t@e rates does Not effect t@e true sCgNaI rate after t@e subtractCoN of t@e bacGA
grouNd eveNt rate (see FCgure D.2). T@Cs Cs a good sCgN aNd aIIows t@e furt@er aNaIysCs of t@e
data. T@e @Cg@ rates t@erefore are Not correIated wCt@ t@e beaL but seeL to be correIated to t@e
coNfiguratCoN of t@e degraders. W@eN separatCNg t@e detectors (see FCgure D.1 CN t@e appeNdCx)
oNe caN see t@at Lost of t@e bacGgrouNd trCggers are detected oN t@e dowNstreaL (HyoN) detecA
tor, @owever bot@ detectors are trCggered by aN eveNt oN oNe of t@eL. T@e sCgNCficaNt rate for
t@e aNaIysCs Cs t@e coLbCNed trCgger rate as pIotted CN FCgure 9.4. Hater we CNtroduced t@e deIta
tCLe cut w@Cc@ reduces t@e Leasured rates, but oNIy partCaIIy reduces t@e bCg raNge of rates.
9.4. Drifts
DurCNg t@e fiNaI beLatCLe t@e caICbratCoN robot was Not CNstaIIed aNd t@us we couId Not reA
caICbrate t@e detector. AII aNaIysCs of t@e drCft data Cs oNIy based oN sCLpIe fits to t@e eIectroN
spectruL. T@e SpectruL CtseIf Cs quCte featureIess aNd t@erefore offers No reaI seNsCtCvCty at Iow
couNts. T@erefore oNIy a sCLpIe fit of t@e FerLC spectruL wCt@ two free paraLeters (pseudoA
gaCN1 aNd NorL) was fitted. BN a first ruN t@e FerLC FuNctCoN Cs fitted betweeN 1 × 103 to 30 × 103
ADC c@aNNeIs. As a secoNd step t@e ADC c@aNNeIs for 0.1 𝐸𝑚𝑎𝑥 aNd 0.9 𝐸𝑚𝑎𝑥 are caIcuIated aNd
t@eN used as t@e raNge for a secoNd fit.
BN FCgure 9.5 t@e extracted pseudoAgaCN Cs pIotted over tCLe. T@e error CN t@e deterLCNatCoN
of t@e drCft Cs very bCg. A FourCer aNaIysCs of t@e data dCd Not s@ow aNy sCgNCficaNt perCodCcCty CN
t@e drCft. CoLparCNg t@e data wCt@ t@e Leasured teLperature of t@e spectroLeter dCd aIso Not
provCde aNy correIatCoN.
1t@Cs gaCN Cs Not t@e reaI gaCN of t@e PKT, but Lore aN effectCve gaCN
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FCgure 9.4.: EveNts per cycIe of t@e Iast beaLtCLe. ONIy t@e eIectrode settCNgs ?????????? (No
protoNs) are s@owN. T@e coIors s@ows t@e dCffereNt data groups. BIue Cs set 1, oraNge
set 2 aNd greeN set 3.
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FCgure 9.5.: TCLe evoIutCoN of t@e detector drCft oN t@e dowNstreaL (HyoN) aNd upstreaL (GreNoA
bIe) detector
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9.5. Time Structure of the Background
To aNaIyse t@e tCLe structure of t@e bacGgrouNd, we studCed t@e two dCLeNsCoNaI (deIta tCLe aNd
eNergy) @CstograL of aII paCrs of eveNts t@at @appeN rCg@t after eac@ ot@er. W@eN pIottCNg t@e
eNergy of t@e secoNd eveNt of t@e paCr agaCNst t@e tCLe dCffereNce of t@e two trCggers, CNterestCNg
structures eLerge.
For t@e dataset 2 aNd t@e FULL850_BT retardatCoN settCNg (No protoNs) t@e @CstograLs of bot@
detectors are s@owN CN FCgure 9.6, but t@e pIots for ot@er retardatCoN settCNgs suc@ as PROTON-
BLOCK10_BT do Not dCffer except for statCstCcs. AddCtCoNaIIy, No dCffereNce CN t@e effects caN be
seeN w@eN coLparCNg t@e pIots for t@e sCgNaI aNd bacGgrouNd tCLe wCNdow.
ON t@e upstreaL detector (FCgure 9.6a) aN uNexpected structure appears for deIta tCLes beA
Iow 2μs. T@Cs @uge excess of eveNts wCt@ very Iow eNergCes aNd eveN NegatCve c@aNNeIs (after
pedestaI subtracCoN) Cs attrCbuted to effects CN t@e ADC card t@at occur at very s@ort tCLe dCfferA
eNces. AN addCtCoNaI source of @Cg@Iy teLporaI correIated eveNts wCt@ s@ort deIta tCLe are t@e
resuIt of afterpuIses CN t@e scCNtCIIator or t@e PKTs. Furt@er studCes of t@ose effects are curreNtIy
doNe CN t@e Iab.
ON t@e dowNstreaL detector (FCgure 9.6a) t@e sCtuatCoN Cs worse (pIease Note t@e dCffereNt
scaIe of t@e coIor codCNg). AII rates are Luc@ @Cg@er aNd aNot@er uNexpected structure appears
for deIta tCLes beIow 6μs. T@ese eveNts aII @ave eNergCes above 0 c@ but beIow 5000 c@ . For
specCfic deIta tCLes t@e NuLber of eveNts Cs stroNgIy CNcreased aNd Ct exteNds CNto @Cg@ eNergCes.
BN order to CdeNtCfy t@e source of t@e probIeL, t@e saLe aNaIysCs was perforLed oN t@e pure
eIectroN dataset froL group 5. BN t@Cs refereNce data set froL t@e eNd of t@e beaLtCLe aII @Cg@
voItage systeL were tuNed off aNd a pure eIectroN spectruL wCt@ t@e foCI @oIder as aN aperture
was Leasured. As preseNted CN FCgure B.1 (CN t@e appeNdCx oN page 135) t@Cs effect vaNCs@es aNd
t@e @CstograL of t@e dowNstreaL detector Cs coLparabIe to t@e GreNobIe detector CNcIudCNg t@e
swCNgCNg structure at deIta tCLes beIow 2μs.
BN order to excIude t@ose sCgNaIs froL t@e furt@er aNaIysCs we CNtroduced t@e possCbCICty to
fiIter eveNts by t@eCr deIta tCLe to t@e prevCous or Next eveNt. T@e CNflueNce of suc@ a fiIter oN
t@e spectra was studCed aNd t@e resuIts are s@owN CN FCgure 9.7. T@e bCg Iow eNergetCc peaG of
t@e afterpuIses caN be suppressed by t@e cut oN t@e deIta tCLe wCt@out CNflueNcCNg t@e @Cg@er
eNergetCc parts of t@e spectruL.
For t@e furt@er aNaIysCs, a deItaAtCLe cut at 6μswas c@oseN. T@Cs Cs reasoNabIe sCNce t@e protoN
sCgNaIs are expected Lore t@aN 6μs Iater t@aN t@e correspoNdCNg eIectroN. T@Cs caN be seeN
CN t@e @CstograLs of t@e deItaAtCLe CN t@e sCgNaI wCNdow for t@e FULL850_BT (No protoNs) aNd
t@e PROTONBLOCK10_BT retardatCoN settCNgs (10V) oN t@e upstreaL (GreNobIe) detector. T@e Iow
bacGgrouNd oN t@at detector eNabIes us to observe t@Cs effect. T@ose @CstograLs (FCgure B.2 aNd
FCgure B.3) caN be fouNd CN t@e appeNdCx oN page 136. BN t@e saLe pIace aIso t@e @CstograLs of
t@e dowNstreaL detector caN be fouNd, but t@e Iow eNergetCc bacGgrouNd froL t@e ?VLaGes Ct
dCfficuIt to see t@e eIectroNs aNd protoNs CN t@ese @CstograLs.
But t@ose deItaAtCLe cuts CNflueNce t@e quaICty of t@e bacGgrouNd subtractCoN. To quaNtCfy t@Cs
probIeL, t@e spectruL Cs fitted wCt@ a coNstaNt fuNctCoN for eNergCes beyoNd t@e eIectroN specA
truL froL 40 000 c@ to 60 000 c@ . T@e dCstaNce of t@e fit coNstaNt froL perfect zero Cs expressed
CN uNCts of t@e errors of t@e fit. For t@Cs aNaIysCs a reIatCve scaICNg betweeN t@e sCgNaI aNd bacGA
grouNd spectruL Cs Not appICed. BN sectCoN 9.7 t@e so caIIed deadtCLe effects are dCscussed t@at
CNtroduce suc@ a scaICNg. For t@e @uge raNge of deItaAtCLe cuts froL 0μs to 100μs t@e quaICty of
t@e bacGgrouNd subtractCoN Cs pIotted CN FCgure 9.8. T@Cs aILost ICNear be@avCour LCg@t @eIp to
uNderstaNd t@e deadAtCLe scaICNg factors better.
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(a) UpstreaL Detector (GreNobIe)
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FCgure 9.6.: CorreIated @CstograLs of t@e FULL850_BT retardatCoN (No protoNs) data froL group 2
(bot@ degraders arouNd 15 GV). T@e tCLe dCffereNce of t@e two eveNts aNd t@e eNergy
of t@e secoNNd eveNt are pIotted. T@e deIta tCLe axCs @as a raNge of 0μs to 20μs.
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FCgure 9.7.: Spectra of t@e upstreaL (GreNobIe) detector depeNdCNg oN t@e LCNCLuL aIIowed
deIta tCLe to t@e prevCous eveNt. S@owN are t@e cuts for 0μs, 2μs, 4μs aNd 6μs.
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FCgure 9.8.: BNflueNce of t@e deIta tCLe cut oN t@e bacGgrouNd subtractCoN. PIotted Cs t@e dCfferA
eNce of t@e flat part of t@e spectruL CN uNCts of staNdard devCatCoNs. FroL t@e pure
eIectroN spectruL wCt@ aII ?V systeLs off (group 5).
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9.6. Backscattering
EIectroNs t@at bacGscatter froL t@e detector surface do Not deposCt aII t@eCr eNergy CN t@e scCNtCIA
Iator aNd t@us dCsturb t@e Leasured spectra. For Perkeo BB t@Cs @as beeN studCed by Sc@uLaNN
aNd AbeIe [SA08]. FroL aII possCbIe coLbCNatCoNs CN t@e bacGscatter decCsCoN tree (FCgure 9.9)
oNIy oNe aIters t@e asyLLetry. Bf a bacGscatter eveNt oNIy trCggers CN t@e secoNd detector Ct Cs
wroNgIy assCgNed to t@at detector. BN t@e ot@er case of aN eveNt t@at trCggered t@e first detector
but Not t@e secoNd detector, t@e eNergy CNforLatCoN caN be recovered by trCggerCNg bot@ detecA
tors sCLuItaNeousIy.
FCgure 9.9.: AII possCbIe resuIts for aN eveNt. ONIy case e @as aN CNflueNce oN t@e asyLLetry
paraLeter
For t@e secoNdary eIectroNs froL t@e coNversCoNprocess, t@e bacGscatter probabCICty Cs stroNgIy
suppressed. Suc@ aN eIectroN Cs very Iow eNergetCc aNd Cts oNIy eNergy orCgCNates froL t@e acceIA
eratCoN CN t@e eIectrostatCc fieId. Bf Ct bacGscatters froL t@e detector Ct Iooses a part of Cts eNergy
aNd caNNot overcoLe t@e eIectrCc poteNtCaI froL t@e saLe fieId degrader.
Mevert@eIess t@e prCLary eIectroNs caN bacGscatter aNd are detected oN t@e opposCte detector.
But t@ey are aIso suppressed by t@e eIectrostatCc poteNtCaI sCNce t@eyLCg@t exCt t@e detector wCt@
eNergCes so Iow t@at t@ey caNNot overcoLe t@e eIectrostatCc barrCer. FCgure 9.10 s@ows t@Cs specA
truL aNd t@e sLaII s@Cft to @Cg@er eNergCes Cf t@e bacGscattered eNergy Cs added to t@e prCLary
sCgNaI. For fits of t@e eIectroN spectruL t@Cs correctCoN @as to be Lade, but t@e bacGscatterCNg
does Not CLpose aNy correctCoN oN t@e protoN asyLLetry LeasureLeNt.
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FCgure 9.10.: PIot of t@e bacGscatter spectruL of t@e GreNobIe detector for t@e eIectroN data set.
T@e greeN curve Cs t@e spectruL t@at Cs detected CN coCNcCdeNce oN t@e opposCte
detector.
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9.7. Deadtime Correction
After eac@ trCgger t@e LeasureLeNt eIectroNCcs Cs bICNd for furt@er eveNts. Because of t@Cs deadA
tCLe of t@e detector, t@e Leasured rates are Not t@e true eveNt rates of protoNs aNd eIectroNs.
Kore CLportaNtIy, t@e correctCoN factor to coNvert to a reaI rate depeNds oN t@e Leasured rate.
T@Cs correctCoN factor @as to be taGeN CNto accouNt Cf spectra wCt@ dCffereNt rates are subtracted
froL eac@ ot@er.
9.7.1. Calculating the Deadtime Scaling
T@e probIeL of correctCNg a Leasured rate for deadtCLe effects Cs exteNsCveIy dCscussed CN t@e
ICterature. For t@Cs sCLpIe approac@ B cIoseIy foIIow t@e booG Techniques for nuclear and particle
physics experiments by Heo [Heo94, p. 122 ff] aNd t@e dCssertatCoN of ?. Kest [Kes11]. For Lore
coLpICcated cases foIIow t@e refereNces CN [Heo94]. T@e geNeraI assuLptCoN Cs t@at t@e process
@as pureIy poCssoN dCstrCbuted eveNts. T@e frequeNcy of t@e tCLe dCffereNce of two eveNts t@eN
faIIs expoNeNtCaIIy.
ONe @as to dCstCNguCs@ two basCc cases of deadtCLe. T@e first case Cs t@e so caIIed ”NoNA
exteNdCbIe” deadtCLe. BN t@Cs case t@e detector Cs bICNd for aNy eveNt wCt@CN t@e deadtCLe aNd
t@erefore deadtCLes caNNot overIap. T@e secoNd case Cs aN ”exteNdCbIe” deadtCLe w@Cc@, CN t@e
case of a secoNd eveNt wCt@CN t@e deadtCLe of t@e first, Cs proIoNged. For extreLeIy @Cg@ rates
t@Cs caN Iead to aN aILost coLpIeteIy bIocGed detector.
FCgure 9.11.: T@e two deadtCLe LodeIs, NoNAexteNdCbIe CN t@e LCddIe aNd exteNdCbIe oN t@e botA
toL adapted froL [Heo94]
FCgure 9.11 s@ows t@e dCffereNce of bot@ cases for a serCes of five detector trCggers. W@eN t@e
deadtCLe Cs NoNAexteNdCbIe (upper case CN t@e pIot) t@e Iast eveNt of t@e burst Cs regCstered CN t@e
detector eveN t@oug@ Ct foIIowed Cts predecessor after Iess t@aN t@e deadtCLe. T@erefore froL
t@e five eveNts CN t@e tCLe fraLe oNIy eveNts 1, 2 aNd 5 are regCstered. T@Cs LodeI correspoNds
to t@e eIectroNCc veto IogCc CN t@e data acquCsCtCoN systeL.
T@e exteNdCbIe deadtCLe LodeI bIocGs t@e Iast eveNt aNd t@erefore @as to be used to descrCbe
t@e cuts oN t@e deIta tCLe2. ?ere oNIy t@e eveNts 1 aNd 2 foIIow t@e prevCous eveNt Iater t@aN t@e
deadtCLe aNd are Not fiItered CN t@e deIta tCLe fiIter of t@e aNaIysCs software.
SCNce t@e cuts oN t@e deIta tCLe are doNe usCNg a bCgger tCLe coNstaNt (6μs) t@aN t@e eIectroNCc
deadtCLe of t@e DAQ systeL (800 Ns), t@e dCscussCoN Cs ICLCted to t@e exteNdCbIe case. For t@e
rates preseNt CN our systeL (beIow 12 000 s−1) bot@ LodeIs are equCvaIeNt oN t@e 0.8 × 10−3 IeveI.
FoIIowCNg t@e NoLeNcIature froL [Heo94] t@e true rate Cs caIIed𝑚 aNdwCt@CN t@eLeasureLeNt
tCLe 𝑇 a totaI of 𝑘 eveNts are detected. T@e deadtCLe Cs caIIed 𝜏 aNd CN t@e exteNdCbIe case
descrCbes t@e LCNCLaI tCLe.
2w@eN coLparCNg to t@e prevCous eveNt. CoLparCNg to t@e Next eveNt s@ouId be sCLCIar but Cs Not used CN t@e aNaIysCs.
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BN t@e NoN exteNdCbIe case, t@e true rate caN be caIcuIated by equatCoN 9.1
𝑚 = 𝑘/𝑇1 − (𝑘/𝑇) 𝜏 (9.1)
BN case of aN exteNdCbIe deadtCLe wCt@ a LCNCLaI deadtCLe 𝜏 after every eveNt, t@e true rate
caN be fouNd by t@e NuLerCcaI soIutCoN of equatCoN 9.2.
𝑘 = 𝑚𝑇 exp (−𝑚𝜏) (9.2)
For eac@ NuLber of eveNts CN t@e detector t@ere are two soIutCoNs of reaI rates. For very @Cg@
rates t@e detector Cs bIocGedLost of t@e tCLe aNd caN oNIy regCster aNot@er eveNt Cf t@ere Cs a gap
of at Ieast t@e LCNCLaI deadtCLe. T@Cs be@avCour Cs expected for rates above 𝑚 = 1/𝜏, w@Cc@ CN
t@e case of a deItaAtCLe fiIter of 6μs correspoNds to rates above 167K?z.
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FCgure 9.12.: CoLparCNg t@e two dCffereNt deadtCLe LodeIs
CoLparCNg t@e detected rates of up to 15 000 s−1 oNe caN observe t@at bot@LodeIs s@ow a very
sCLCIar fuNctCoNaI be@avCour. For a true rate of 10 000 s−1 t@e Leasured couNts oN t@e detector
for t@e dCffereNt deadtCLe LodeIs oNIy dCffer oN t@e 10 × 10−4 IeveI. Bf for furt@er LeasureLeNts
t@e NuLerCcaI speed of t@e caIcuIatCoN Cs CLportaNt, t@e exteNdCbIe LodeI caN be approxCLated
by t@e NoNAexteNdCbIe LodeI.
As seeN CN sectCoN 9.3 t@e eveNts per cycIe wCt@CN t@e sCgNaI or bacGgrouNd wCNdow (froL
Now oN aIso caIIed sCgNaI aNd bacGgrouNd rates) vary by a Iarge aLouNt. T@Cs varCatCoN caN be
descrCbed by a stroNg fluctuatCNg part aNd a sIower overaII drCft or varCabCICty. T@e IoNg terL varCA
abCICty Cs @ugeIy CNflueNced by t@e settCNg of t@e coNversCoN foCI poteNtCaI. S@ort tCLe fluctuatCoNs
seeL to be Lore stabIe CN t@eCr aLpICtude aNd s@ow No appareNt tCLe structure.
W@eN coLparCNg t@e sCgNaI aNd bacGgrouNd rates for a coNstaNt eIectrode settCNg as a fuNctCoN
of tCLe oNe caN see t@at bot@ scatter by t@e saLe aLouNt. T@Cs coNfirLs t@e @ypot@esCs, t@at t@Cs
fluctuatCNg bacGgrouNd Cs Not correIated wCt@ t@e sCgNaI.
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FCgure 9.13.: ?CstograL of t@e deadtCLe correctCoN factors for t@e eIectroN data set (??????????).
BN cyaN 𝑘𝑠𝑖𝑔 for t@e sCgNaI rate aNd CN bIue 𝑘𝑏𝑘𝑔 for t@e bacGgrouNd rate.
0.994 0.996 0.998 1.000
0
200
400
600
800
1000
relative correction factor
F
re
q
u
e
n
c
y
Electron data set
FCgure 9.14.: ?CstograL of t@e reIatCve correctCoN factors for t@e scaICNg of t@e EIectroN data set
wCt@ respect to t@e dCffereNt rates of sCgNaI aNd bacGgrouNd tCLe wCNdow.
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BN order to be abIe to correctIy subtract t@e bacGgrouNd spectruL froL t@e sCgNaI, t@e LeaA
sured rates first @ave to be coNverted CNto t@e true rates. T@e resuItCNg cIeaN, bacGgrouNd subA
tracted, spectruL (𝑅𝑐𝑙𝑒𝑎𝑛) caN be deterLCNed.
𝑅𝑐𝑙𝑒𝑎𝑛 = 𝑘𝑠𝑖𝑔 ⋅ 𝑅𝑠𝑖𝑔 − 𝑘𝑏𝑘𝑔 ⋅ 𝑅𝑏𝑘𝑔 (9.3)
T@ose correctCoN factors (𝑘𝑠𝑖𝑔 aNd 𝑘𝑏𝑘𝑔) vary by a @uge aLouNt sCNce t@ey depeNd oN t@e rate.
?owever, t@e deterLCNatCoN of t@e asyLLetrCes does Not reIy oN t@e absoIute true rate. T@erefore
Ct Cs aIIowed to oNIy scaIe t@e bacGgrouNd reIatCve to t@e sCgNaI rate.
?̃?𝑐𝑙𝑒𝑎𝑛 ≡ 𝑅𝑐𝑙𝑒𝑎𝑛/𝑘𝑠𝑖𝑔 = 𝑅𝑠𝑖𝑔 −
𝑘𝑏𝑘𝑔
𝑘𝑠𝑖𝑔
⋅ 𝑅𝑏𝑘𝑔 (9.4)
T@Cs gCves a sICg@tIy scaIed rate ?̃?𝑐𝑙𝑒𝑎𝑛 but wCt@ correctIy subtracted bacGgrouNd.
FortuNateIy t@Cs reIatCve correctCoN factor (𝑘𝑏𝑘𝑔/𝑘𝑠𝑖𝑔) Cs sLaIIer aNd varCes Iess t@aN t@e sCNgIe
factors.
As seeN CN t@e @CstograL of t@ose vaIues (see FCgure 9.14) t@Cs reIatCve correctCoN factor does
Not s@ow t@e @uge raNge of vaIues as oNe wouId NaCveIy expect froL t@e @CstograL of t@e rates.
T@Cs Cs caused by t@e stCII ICNear be@avCour of t@e correctCoN factor as weII as t@e aILost coNstaNt
dCffereNce betweeN sCgNaI aNd bacGgrouNd rates.
For t@e eIectroN dataset wCt@ retardatCoN eIectrode settCNg FULL850_BT oNe caN t@eN fiNd a
NorLaI dCstrCbuted reIatCve scaICNg factor wCt@ a LeaN of 0.9958 aNd a sCgLa of 0.001 as seeN CN
FCgure 9.14. T@e correctCoN factor aNd t@e staNdard devCatCoN for t@e ot@er eIectrode settCNgs caN
be fouNd CN TabIe 9.2. AIso sGewNess3 aNd GurtosCs4 are ICsted to coLpIete t@e pCcture of t@e
dCstrCbutCoNs. AII ?CstograLs caN be fouNd CN AppeNdCx E.
EIectrode SettCNg CycIes KeaN Std. Dev. SGewNess FurtosCs
FULL850_BT 21506 0.9972 0.0010 0.03 3.8
DEFAULT 7009 0.9958 0.0010 −0.26 3.6
PROTONBLOCK10_BT 17723 0.9957 0.0011 −0.13 3.4
PROTONBLOCK20_BT 6956 0.9959 0.0009 −0.23 3.8
PROTONBLOCK50_BT 5902 0.9958 0.0011 −0.21 3.4
PROTONBLOCK200_BT 5488 0.9963 0.0010 −0.17 3.7
PROTONBLOCK400_BT 5755 0.9970 0.0010 −0.06 3.8
TabIe 9.2.: CorrectCoN factor for t@e sCgNaI to bacGgrouNd deadtCLe effect
For t@e subtractCoN of t@e bacGgrouNd free eIectroN spectruL (settCNg FULL850_BT) froL t@e
aIso bacGgrouNd free, coLbCNed protoN aNd eIectroN spectruL Ct Cs Necessary to perforL a sCLCA
Iar correctCoN of t@e deadtCLe effects.
GettCNg a reIatCve correctCoN factor Cs dCfficuIt, sCNce t@ose spectra are Not Leasured sCLuItaA
NeousIy but, depeNdCNg oN t@e eIectrode settCNg, wCt@ a varCabIe deIay. BN order to coLpare t@e
correctCoN factors of t@ose data sets, oNe @as to group t@eL CN bCNs of cycIes aNd use t@e average
rates. T@e bCN wCdt@ was optCLCsed to yCeId t@e LaxCLuL aLouNt of bCNs wCt@ bot@ protoN aNd
3”A posCtCve sGewNess CNdCcates a dCstrCbutCoN wCt@ a IoNg rCg@t taCI. A NegatCve sGewNess CNdCcates a dCstrCbutCoN wCt@
a IoNg Ieft taCI.” [Kat@10]
4”FurtosCs Leasures t@e coNceNtratCoN of data arouNd t@e peaG aNd CN t@e taCIs versus t@e coNceNtratCoN CN t@e flaNGs.”
[Kat@10] FurtosCs J 3 for flatter t@aN NorLaI aNd FurtosCs > 3 for Lore peaGed t@aN NorLaI.
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eIectroN cycIes. For t@e ??????? settCNg t@Cs bCN wCdt@ Cs set to 50 cycIes aNd for aII ot@er settCNgs
to 100 cycIes.
For t@e subtractCoN agaCN t@e true rates, as defiNed CN EquatCoN 9.4, @ave to be used.
𝑅𝑝 = 𝑘
𝑒𝑝
𝑠𝑖𝑔 ⋅ ?̃?
𝑒𝑝
𝑠𝑖𝑔 − 𝑘 𝑒𝑠𝑖𝑔 ⋅ ?̃?
𝑒
𝑠𝑖𝑔 (9.5)
AgaCN a scaIed protoN rate Cs defiNed, but t@Cs tCLe by scaICNg t@e coLbCNed eIectroNAprotoN
spectruL to fit t@e pure eIectroN spectruL.
?̃?𝑝 ≡ 𝑅𝑝/𝑘 𝑒𝑠𝑖𝑔 =
𝑘 𝑒𝑝𝑠𝑖𝑔
𝑘 𝑒𝑠𝑖𝑔
⋅ ?̃?
𝑒𝑝
𝑠𝑖𝑔 − ?̃?
𝑒
𝑠𝑖𝑔 (9.6)
T@Cs defiNCtCoN aIIows to dCrectIy coLpare t@e spectra of t@e dCffereNt eIectrode settCNgs (?̃?𝑝 (0𝑉),
?̃?𝑝 (10𝑉), etc.), sCNce t@ey aII are scaIed by t@e saLe coNstaNt 𝑘 𝑒𝑠𝑖𝑔.
SCNce CN t@Cs case t@e @Cg@er rate gets scaIed, t@e reIatCve scaICNg factor Cs bCgger t@aN 1. A saLA
pIe @CstograL for t@e dataset ???????????????? caN be fouNd CN FCgure 9.15. T@e c@aracterCzCNg
vaIues of aII @CstograLs caN be fouNd CN TabIe 9.3.
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FCgure 9.15.: ?CstograL of reIatCve deadtCLe correctCoN factors for eIectroNs aNd ???????
??????????
9.7.2. Problem with the Deadtime Scaling
W@eN appIyCNg t@e caIcuIated scaICNg to t@e dCffereNt data sets, Ct caN be seeN, t@at t@e bacGA
grouNd subtracted sCgNaI Cs Not coLpatCbIe wCt@ zero CN t@e regCoN be@CNd t@e eIectroN spectruL.
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EIectrode SettCNg CycIeAbCNs KeaN Std. Dev. SGewNess FurtosCs
DEFAULT 769 1.0014 0.0017 −0.99 9.2
PROTONBLOCK10_BT 366 1.0017 0.0019 5.75 75.7
PROTONBLOCK20_BT 240 1.0013 0.0011 −0.25 5.4
PROTONBLOCK50_BT 158 1.0015 0.0014 −0.17 9.1
PROTONBLOCK200_BT 151 1.0012 0.0014 −0.58 7.1
PROTONBLOCK400_BT 174 1.0003 0.0020 2.88 30.8
TabIe 9.3.: DeadtCLe correctCoNs for t@e protoN to eIectroN scaICNg.
ret. settCNg group caIc. factor 𝜎Det1 𝜎Det2
FULL_850 1 0.9972 1.44 2.44
FULL_850 2 0.9972 −0.34 0.87
FULL_850 3 0.9972 2.0 1.54
PROTONBLOCK_10 1 0.9957 −0.13 1.5
PROTONBLOCK_10 2 0.9957 −1.28 −1.09
PROTONBLOCK_10 3 0.9957 −2.4 −0.9
pure_electrons 5 0.991 0.14 −2.9
TabIe 9.4.: CoLpatCbCICty of t@e bacGgrouNd froL c@aNNeI 36 G to 60 G. Tested wCt@ 6μs deIta
tCLe cut for sets 1 to 3 aNd 20μs deIta tCLe cut for t@e pure eIectroNs. ?Cg@ICg@ted
vaIues dCffer Lore t@aN 1𝜎 froL zero.
T@Cs be@avCour Cs Not coNsCsteNt, but appears CN aII sets aNd aII tested retardatCoN eIectrode setA
tCNgs as s@owN CN TabIe 9.4.
A first assuLptCoN was t@at t@e effect coLes froL t@e NoNApoCssoN be@avCour of t@e deItaA
tCLe dCstrCbutCoN. T@erefore aNot@er test was perforLed wCt@ a deIta tCLe cut of 50μs, w@Cc@ Cs
cIearIy CN t@e pure expoNeNtCaI part of t@e deIta tCLe dCstrCbutCoN. For suc@ a IoNg deadtCLe t@e
correctCoN factors are No IoNger ICNear aNd t@e caIcuIatCoN @ad to be separated for t@e dCffereNt
sets. For t@at data set t@e effects are eveN worse as seeN CN TabIe 9.5.
9.7.3. Fitting the Deadtime Scaling
BN order to get a feeICNg for t@e correct vaIues of t@e reIatCve scaICNg, a fittCNg aIgorCt@L was
CLpIeLeNted. By varyCNg t@e scaICNg factor aNd fittCNg t@e resuItCNg bacGgrouNd be@CNd t@e
spectra, t@e aIgorCt@L fiNds t@e scaICNg t@at causes t@e fitted coNstaNt to be zero. BN order to
estCLate t@e uNcertaCNty of t@e autoLatCc scaICNg, t@e saLe aIgorCt@L Cs used to vary t@e scaICNg
suc@ t@at t@e resuItCNg coNstaNt fit of t@e bacGgrouNd Cs exactIy±1𝜎 away froL t@e optCLaI zero.
T@ose vaIues are taGeN as t@e error of t@e optCLCzed autoLatCc scaICNg.
We GNow t@at t@ere are No sCgNaI reIated eveNts beyoNd t@e eIectroN spectruL, t@erefore t@e
correct scaICNg caN be deterLCNed CN t@Cs way. A sCLCIar arguLeNt aIso @oIds for t@e protoNs.
T@e protoN sCgNaI Cs s@arpIy peaGed arouNd t@e Iow eNergCes, so t@at oNIy extreLeIy few eveNts
caN be fouNd CN t@e @Cg@er parts of t@e eIectroN spectruL w@ere we pIace t@e fit regCoN for t@e
reIatCve fit of t@e eIectroN aNd protoN spectra.
T@e typCcaI output of suc@ a fit Cs preseNted CN HCstCNg 9.1. T@e first two coIuLNs preseNt t@e
NaLes of t@e @CstograLs t@at are optCLCzed. T@e coLbCNed eIectroN protoN data set Cs wrCtteN
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ret. settCNg group caIc. factor 𝜎Det1 𝜎Det2
FULL_850 1 0.970 4.0 4.6
FULL_850 2 0.971 4.0 2.8
FULL_850 3 0.975 2.8 2.5
PROTONBLOCK_10 1 0.955 4.5 6.1
PROTONBLOCK_10 2 0.956 3.2 2.6
PROTONBLOCK_10 3 0.965 −1.3 0.12
DEFAULT 1 0.952 5.7 5.2
DEFAULT 2 0.957 5.6 0.7
DEFAULT 3 0.965 −2.3 1.4
TabIe 9.5.: CoLpatCbCICty of t@e bacGgrouNd froL c@aNNeI 36 G to 60 G. Tested wCt@ 50μs deIta
tCLe cut for aII sets. ?Cg@ICg@ted vaIues dCffer Lore t@aN 1𝜎 froL zero.
s@ort as ep, t@e coLpIeteIy bIocGed spectruLwCt@ oNIy t@e eIectroNs Cs s@orteNed to e. T@e status
of t@e spCN flCpper for t@e sCgNaI spectruL Cs abbrevCated as up or down, w@ereas t@e bacGgrouNd
spectruL Cs taGeN froLbot@ spCN dCrectCoN aNd s@orteNed as bg. T@e traCICNg NuLber deNotes t@e
detector. BN t@e square bracGets foIIow t@e vaIues of t@e optCLCzatCoN for −𝜎 , 0 aNd +𝜎 dCstaNce
to t@e zero. T@e fit raNge Cs preseNted CN t@e secoNd set of square bracGets at t@e eNd of t@e ICNe.
As oNe caN see, t@e scaICNg factors froL t@e first four ICNes dCffer froL eac@ ot@er aNd t@ey are
Not coLpatCbIe wCt@ eac@ ot@er. T@eCr uNcertaCNtCes @owever are sCLCIar. T@e scaICNg factor for
t@e spectruL e_up1 Cs eveN bCgger t@aN oNe. BN order to estCLate t@e CNflueNce of t@e fit regCoN
of t@e coNstaNt fit, Cts borders are c@aNged by ±5000 c@aNNeIs. As oNe caN see CN t@e foIIowCNg
ICNes, t@e vaIues scatter aNd are ofteN Not coLpatCbIe wCt@ eac@ ot@er oN t@e oNe sCgLa IeveI.
After t@e scaICNg wCt@ t@e extracted vaIues, Now t@e eIectroN spectruL @as to be subtracted
froL t@e coLbCNed eIectroN protoN spectruL. AgaCN t@e correctCoN factor Cs fitted, but t@Cs tCLe
CN t@e regCoN of t@e eIectroN spectruL. As oNe caN see CN HCstCNg 9.2 t@e vaIues are Now bCgger
t@aN oNe, as expected froL t@e defiNCtCoN of t@e scaICNg factor. T@e two vaIues of t@e scaICNg
for t@e up aNd dowN pure protoN sCgNaI are Now coLparabIe oN t@e two sCgLa IeveI. But t@e
depeNdeNce oN t@e fit raNge Cs eveN bCgger for t@ose scaICNg factors.
OveraII t@e resuIts froL t@e dowNstreaL detector produce sCLCIar resuIts. CoLparCNg t@e
fitted scaICNg factors for dCffereNt data groups aNd eIectrode settCNgs gCves No cIear structure of
t@ese vaIues. A better uNderstaNdCNg of t@e possCbIe effects causCNg t@Cs be@avCour Cs cIearIy
Necessary. PossCbIe reasoNs are t@e Not yet uNderstood CNflueNce of s@ort eveNt bursts wCt@ s@ort
tCLe dCffereNces. AIso t@e CNflueNce of t@e @Cg@ trCgger rates aNd t@e NoN poCssoN dCstrCbutCoN of
deIta tCLes oN t@e saLe detector @as to be studCed.
A furt@er CLproveLeNt wouId be to LaGe Lore fiNe graCNed deadtCLe correctCoNs. T@Cs Cs
probabIy usefuI oN a data fiIe IeveI or CN groups of @ours or days.
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******************* DET 1 *********** 1 sigma fits ***********
ep_up1 ep_bg1 : [ -0.995, -0.991, -0.987 ] = -0.991 +- 0.004 [40000 - 70000]
ep_down1 ep_bg1 : [ -0.985, -0.980, -0.976 ] = -0.980 +- 0.004 [40000 - 70000]
e_up1 e_bg1 : [ -1.005, -1.001, -0.998 ] = -1.001 +- 0.003 [40000 - 70000]
e_down1 e_bg1 : [ -0.998, -0.995, -0.991 ] = -0.995 +- 0.003 [40000 - 70000]
Check stability against changes in fit range
ep_up1 ep_bg1 : [ -0.995, -0.991, -0.987 ] = -0.991 +- 0.004 [40000 - 70000]
ep_up1 ep_bg1 : [ -1.002, -0.997, -0.992 ] = -0.997 +- 0.005 [45000 - 65000]
ep_up1 ep_bg1 : [ -0.998, -0.994, -0.990 ] = -0.994 +- 0.004 [35000 - 65000]
ep_up1 ep_bg1 : [ -0.995, -0.990, -0.986 ] = -0.990 +- 0.005 [45000 - 75000]
ep_down1 ep_bg1 : [ -0.985, -0.980, -0.976 ] = -0.980 +- 0.004 [40000 - 70000]
ep_down1 ep_bg1 : [ -0.989, -0.984, -0.979 ] = -0.984 +- 0.005 [45000 - 65000]
ep_down1 ep_bg1 : [ -0.989, -0.985, -0.981 ] = -0.985 +- 0.004 [35000 - 65000]
ep_down1 ep_bg1 : [ -0.986, -0.981, -0.977 ] = -0.981 +- 0.005 [45000 - 75000]
e_up1 e_bg1 : [ -1.005, -1.001, -0.998 ] = -1.001 +- 0.003 [40000 - 70000]
e_up1 e_bg1 : [ -1.009, -1.005, -1.001 ] = -1.005 +- 0.004 [45000 - 65000]
e_up1 e_bg1 : [ -1.009, -1.005, -1.002 ] = -1.005 +- 0.003 [35000 - 65000]
e_up1 e_bg1 : [ -1.007, -1.003, -0.999 ] = -1.003 +- 0.004 [45000 - 75000]
e_down1 e_bg1 : [ -0.998, -0.995, -0.991 ] = -0.995 +- 0.003 [40000 - 70000]
e_down1 e_bg1 : [ -0.999, -0.994, -0.990 ] = -0.994 +- 0.004 [45000 - 65000]
e_down1 e_bg1 : [ -1.004, -1.001, -0.997 ] = -1.001 +- 0.003 [35000 - 65000]
e_down1 e_bg1 : [ -0.992, -0.988, -0.984 ] = -0.988 +- 0.004 [45000 - 75000]
HCstCNg 9.1: Output of t@e autoLatCc scaICNg fit for t@e GreNobIe detector wCt@ retardatCoN settCNg
PROTONBLOCK_10 of group 3.
ep_clean_up1 e_clean_up1 : [ 1.061, 1.063, 1.066 ] = 1.063 +- 0.003 [12000 - 25000]
ep_clean_down1 e_clean_down1 : [ 1.053, 1.057, 1.060 ] = 1.057 +- 0.003 [12000 - 25000]
Check Stability of the Proton vs Electron fit
ep_clean_up1 e_clean_up1 : [ 1.061, 1.063, 1.066 ] = 1.063 +- 0.003 [12000 - 25000]
ep_clean_up1 e_clean_up1 : [ 1.042, 1.048, 1.053 ] = 1.048 +- 0.005 [17000 - 20000]
ep_clean_up1 e_clean_up1 : [ 1.054, 1.056, 1.059 ] = 1.056 +- 0.002 [ 7000 - 20000]
ep_clean_up1 e_clean_up1 : [ 1.058, 1.062, 1.067 ] = 1.062 +- 0.005 [17000 - 30000]
ep_clean_down1 e_clean_down1 : [ 1.053, 1.057, 1.060 ] = 1.057 +- 0.003 [12000 - 25000]
ep_clean_down1 e_clean_down1 : [ 1.043, 1.049, 1.055 ] = 1.049 +- 0.006 [17000 - 20000]
ep_clean_down1 e_clean_down1 : [ 1.056, 1.058, 1.061 ] = 1.058 +- 0.002 [ 7000 - 20000]
ep_clean_down1 e_clean_down1 : [ 1.045, 1.050, 1.055 ] = 1.050 +- 0.005 [17000 - 30000]
HCstCNg 9.2: Part two of t@e output of t@e autoLatCc scaICNg fit for t@e GreNobIe detector wCt@
retardatCoN settCNg PROTONBLOCK_10 of group 3.
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SeveraI systeLatCc effects @ave to be studCed CN order to be abIe to correct for t@eCr CNflueNce oN
t@eLeasured asyLLetry. SoLe of t@e effects are so sLaII t@at t@ey do Not @ave to be coNsCdered
CN a fiNaI aNaIysCs.
10.1. Stability of the HV-System
ONe Cssue Cs t@e geNeraI stabCICty of t@e @Cg@ voItage systeL. T@e @Cg@Iy varyCNg trCgger rates, esA
pecCaIIy t@e extreLe varCabCICty oN t@e dowNstreaL (HyoN) sCde, LaGe a cIeaN descrCptCoN of t@e
bacGgrouNd very dCfficuIt. SeveraI t@CNgs @ave beeN trCed CN order to suppress t@e bacGgrouNd.
FCNe tuNCNg of t@e bot@ voItages of t@e degraders wCt@ respect to eac@ ot@er oNIy @eIped to reA
duce t@e bacGgrouNd LargCNaIIy. A part of t@e bacGgrouNd caN be bIocGed wCt@ t@e retardatCoN
systeL. RuNNCNg at 10V CNstead of 0V stabCICzed t@e bacGgrouNd oN a @Cg@ IeveI.
BN t@e begCNNCNg of 2015 severaI tests of coNfiguratCoNs of t@e degraders were perforLed.
W@CIe coNductCNg t@ose tests, Ct was observed t@at t@e pressure, Leasured CN t@e coId cat@ode,
spCGed w@eN a sLaII breaGdowN of t@e voItage was observed. We caLe to t@e coNcIusCoN t@at
aII observed effects couId be expIaCNed by partCcIes t@at are coNfiNed CN dCffereNt traps uNtCI t@ey
reac@ a deNsCty t@at aIIows a dCsc@arge. PartCcIes couId be trapped oN t@e LagNetCc fieId ICNes
betweeN t@e @Cg@ voItages of bot@ fieId degraders. ANot@er trap for soLe partCcIes Cs oN t@e
LagNetCc fieId ICNes betweeN t@e eIectrostatCc poteNtCaI froL t@e degrader aNd t@e LaxCLuL of
t@e LagNetCc fieId CN t@e ceNtraI voIuLe (LagNetCc LCrror). T@e CNstaIIatCoN of t@e wCre grCd CN
t@e ceNtraI retardatCoN eIectrode @eIped to reduce t@Cs probIeL. UNICGe t@e decay protoNs t@at
caN Eust pass t@e grCd (see sectCoN 10.8 oN page 113), trapped partCcIes pass t@e grCd NuLerous
tCLes uNtCI t@ey are absorbed or scattered out of t@e trap.
(a) Before t@e breaGdowN (b) After t@e breaGdowN
FCgure 10.1.: EveNts per c@opper turN. S@owCNg oNIy eveNts w@ere t@e GreNobIe (upstreaL) deA
tector trCggered first.
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After aN especCaIIy vCoIeNt breaGdowN of t@e degrader VoItage CN Kay 2015 a c@aNge CN bacGA
grouNd tCLe structure couId be observed. BNstead of a @oLogeNeous dCstrCbutCoN of t@e eveNts
as seeN CN FCgure 10.1a, Now t@ere are sCNgIe c@opper turNs wCt@ extreLeIy CNcreased trCgger rate.
T@Cs be@avCourwas probabIy caused by a sLaII part of t@e foCI t@at dCd Not stCcG to t@e @oIder aNd
poCNted towards t@e detector. T@Cs observatCoN Ied to t@e CLproveLeNt of t@e secoNd aperture
t@at was used to s@CeId t@ose parts of t@e foCI t@at are attac@ed to t@e @oIder. BN Iater LeasureA
LeNts t@e probIeL of t@e sCNgIe c@opper turN eveNt rate was stCII preseNt.
For t@e future Ct Cs pIaNed to CLpIeLeNt a fiIter t@at cuts away t@ose c@opper turNs, but t@e
CLpIeLeNtatCoN requCres CNterveNtCoNs CN t@e core code of t@e aNaIysCs software. AIso Ct @as to
be proveN, t@at suc@ a fiIter does Not c@aNge t@e Leasured protoN asyLLetry. T@erefore t@Cs
CLpIeLeNtatCoN Cs deferred to t@e furt@er aNaIysCs of t@e data CN [RoC17].
For a futureLeasureLeNt t@e CNstabCICtCes of t@e?V systeL s@ouId be CNvestCgated t@oroug@Iy.
AddCtCoNaI sLoot@CNg of surfaces caN be trCed as a first step. ProbabIy a furt@er decrease CN
vacuuL pressure caN reduce t@e bacGgrouNd, but we dCd see c@aNges CN bacGgrouNd rate t@at
were Not correIatedwCt@ t@e sIow c@aNge of t@e vacuuLpressure. Bt @as to be eNsured t@at t@ose
test are preforLed uNder reaICstCc coNdCtCoN wCt@ two ?V poteNtCaIs coNNected wCt@ a LagNetCc
flux tube.
10.2. Transmission Function of the Retardation Potential
ONeLaEor systeLatCc effect for aII LeasureLeNts wCt@ CNterLedCate voItages Cs t@e reaI traNsLCsA
sCoN fuNctCoN of t@e retardatCoN poteNtCaI. Bt depeNds oN t@e LagNetCc aNd eIectrCc fieId at t@e
retardatCoN pIaNe. BN order to estCLate t@e sCze of t@e correctCoN as weII as t@e seNsCtCvCty to varCA
atCoNs CN LagNetCc aNd eIectrCc fieId streNgt@ soLe sCLpICficatCoNs @ave to be Lade. A coNstaNt
LagNetCc fieId arouNd t@e ceNtraI eIectrodewCt@ a Iower fieIds streNgt@ t@aN CN t@e decay voIuLe
Cs assuLed. AIso t@e eIectrCcaI fieId Cs assuLed to be coNstaNt CN t@e traNsversaI dCrectCoN.
T@e eIectrostatCc poteNtCaI oNIy affects t@e IoNgCtudCNaI eNergy of t@e protoN. SCNce t@e protoN
arrCves froL a @Cg@er LagNetCc fieId t@e pCtc@ aNgIe Cs sLaIIer aNd t@erefore Lore of Cts eNergy Cs
paraIIeI. T@Cs IoNgCtudCNaI eNergy of t@e protoN caN t@eN be expressed as a fuNctCoN of t@e CNCtCaI
eNergy 𝐸𝑝 aNd t@e pCtc@ aNgIe of eLCssCoN 𝜃𝑑𝑒𝑐𝑎𝑦.
𝐸∥ = 𝐸𝑝 cos(𝜃𝑟𝑒𝑡.) = 𝐸𝑝 cos(arcsCN(√𝐵𝑟𝑒𝑡./𝐵𝑑𝑒𝑐𝑎𝑦 sCN(𝜃𝑑𝑒𝑐𝑎𝑦))) (10.1)
BN order to caIcuIate t@e Leasured asyLLetry oNe @as to NuLerCcaIIy CNtegrate t@e CNCtCaI decay
dCstrCbutCoN over t@e two @eLCsp@eres. To CLpIeLeNt t@e retardatCoN poteNtCaI t@e CNtegraNd Cs
LuItCpICed by t@e booIeaN vaIue of t@e coLparCsoN of t@e paraIIeI eNergy wCt@ t@e vaIue of t@e
eIectrCc poteNtCaI 𝑈𝑐𝑢𝑡.
𝑁↑𝑐𝑢𝑡 = 1/2∫
𝐸𝑚𝑎𝑥
0
∫
𝜋/2
0
𝑤𝑝(𝐸𝑝) (1 + 2𝐶(𝐸𝑝) cos(𝜃𝑑𝑒𝑐𝑎𝑦))
⋅ BooIe[(𝐸𝑝 cos(arcsCN(√𝐵𝑟𝑒𝑡/𝐵𝑑𝑒𝑐𝑎𝑦 sCN(𝜃𝑑𝑒𝑐𝑎𝑦)))) ≥ 𝑈𝑐𝑢𝑡]d𝐸𝑝 sCN(𝜃𝑑𝑒𝑐𝑎𝑦)d𝜃𝑑𝑒𝑐𝑎𝑦 (10.2)
To caIcuIate t@e vaIue for 𝑁↓𝑐𝑢𝑡 oN @as to c@aNge t@e CNtegratCoN borders to ∫
𝐸𝑚𝑎𝑥
0 ∫
𝜋
𝜋/2
T@e vaIues of t@e reIatCve correctCoN (𝐶𝑐𝑢𝑡−𝐶0)/𝐶0 extracted froL t@Cs caIcuIatCoN caN be fouNd
CN TabIe 10.1 CN t@e fift@ coIuLN. BN t@e Iast two coIuLNs, t@e seNsCtCvCty to c@aNges CN t@e eIectrCc
or LagNetCc fieId streNgt@ Cs s@owN. T@ese vaIues are caIcuIated for two dCffereNt accuracCes.
T@Cs coNstraCNts t@e Needed accuracy of t@e fieId sCLuIatCoNs CN t@e retardatCoN eIectrode for aII
traNsversaI posCtCoNs aIoNg t@e surface of LaxCLuL voItage.
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FCgure 10.2.: BNtegratCoN borders for a 150LT to 80LTLagNetCc fieId ratCo. Due to t@e CNcreased
bIocGCNg of partCcIes wCt@ @Cg@ CNCtCaI aNgIes a bCgger asyLLetry as NaCveIy exA
pected Cs Leasured.
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FCgure 10.3.: Effect of t@e LagNetCc LCrror effect oN t@e Leasured CNtegraI asyLLetry for dCfferA
eNt fieId ratCos.
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𝑈𝑐𝑢𝑡 [V] 𝛿𝑈𝑐𝑢𝑡 [V] 𝐵𝑟𝑒𝑡 [LT] 𝛿𝐵𝑟𝑒𝑡 [LT] reI. corr 𝛿 corr Lag. 𝛿 corr eI.
10 ±1 60 ±1 3.006 × 10−3 ±1.6 × 10−5 ±4.4 × 10−4
70 3.184 × 10−3 ±1.9 × 10−5 ±4.7 × 10−4
80 3.397 × 10−3 ±2.3 × 10−5 ±5.0 × 10−4
±0.1 60 ±0.1 3.006 × 10−3 ±1.6 × 10−6 ±4.3 × 10−5
70 3.184 × 10−3 ±1.9 × 10−6 ±4.7 × 10−5
80 3.397 × 10−3 ±2.3 × 10−6 ±5.0 × 10−5
20 ±1 60 ±1 8.218 × 10−3 ±4.9 × 10−5 ±6.1 × 10−4
70 8.703 × 10−3 ±5.3 × 10−5 ±6.2 × 10−4
80 9.281 × 10−3 ±6.4 × 10−5 ±6.6 × 10−4
±0.1 60 ±0.1 8.218 × 10−3 ±4.6 × 10−6 ±6.2 × 10−5
70 8.703 × 10−3 ±5.4 × 10−6 ±6.2 × 10−5
80 9.281 × 10−3 ±6.2 × 10−6 ±6.6 × 10−5
50 ±1 60 ±1 2.972 × 10−2 ±1.6 × 10−4 ±8.2 × 10−4
70 3.150 × 10−2 ±1.9 × 10−4 ±8.7 × 10−4
80 3.363 × 10−2 ±2.3 × 10−4 ±9.3 × 10−4
±0.1 60 ±0.1 2.972 × 10−2 ±1.7 × 10−5 ±7.9 × 10−5
70 3.150 × 10−2 ±2.0 × 10−5 ±8.6 × 10−5
80 3.363 × 10−2 ±2.2 × 10−5 ±9.6 × 10−5
200 ±1 60 ±1 1.944 × 10−1 ±1.3 × 10−3 ±1.3 × 10−3
70 2.088 × 10−1 ±1.6 × 10−3 ±1.5 × 10−3
80 2.265 × 10−1 ±2.0 × 10−3 ±1.6 × 10−3
±0.1 60 ±0.1 1.944 × 10−1 ±1.4 × 10−4 ±1.4 × 10−4
70 2.088 × 10−1 ±1.7 × 10−4 ±1.6 × 10−4
80 2.265 × 10−1 ±1.8 × 10−4 ±1.5 × 10−4
400 ±1 60 ±1 5.591 × 10−1 ±6.5 × 10−3 ±2.6 × 10−3
70 6.340 × 10−1 ±8.6 × 10−3 ±3.2 × 10−3
80 7.347 × 10−1 ±1.2 × 10−2 ±4.3 × 10−3
±0.1 60 ±0.1 5.591 × 10−1 ±6.8 × 10−4 ±3.2 × 10−4
70 6.340 × 10−1 ±9.0 × 10−4 ±3.4 × 10−4
80 7.347 × 10−1 ±1.1 × 10−3 ±3.8 × 10−4
TabIe 10.1.: ReIatCve correctCoN factors for t@e dCffereNt retardatCoN settCNgs. Hast two coIuLNs
s@ow t@e seNsCtCvCty of t@e correctCoN to a c@aNge CN t@e LagNetCc or eIectrCc fieId of
t@e specCfied vaIue.
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For t@e Iower retardatCoN settCNgs t@e uNcertaCNty CN t@e correctCoN due to t@e accuracy CN t@e
LagNetCc fieId raNges froL 1 × 10−5 to 1 × 10−4, Cf t@e LagNetCc fieId Cs GNowN oN t@e±1LT IeveI.
T@ose caN be Iowered to 1 × 10−6 to 1 × 10−5, Cf t@e accuracy of t@e sCLuIatCoN caN be Iowered to
±0.1LT, w@Cc@ Cs aIready beIow t@e accuracy of t@e LeasureLeNt descrCbed CN subsectCoN 5.3.1.
?owever, t@e correctCoN depeNds oNIy oN t@e ratCo of t@e LagNetCc fieId w@Cc@ Cs GNowN better
due to t@e precCsCoN of t@e LagNetCc probe.
T@e uNcertaCNty CN t@e correctCoN due to t@e accuracy of t@e eIectrCc fieId Cs @Cg@er t@aN t@e
LagNetCc uNcertaCNty. A sCLuIatCoN oN t@e±1V IeveI Cs Not precCse eNoug@ for a furt@er aNaIysCs.
ReducCNg t@e accuracy to ±0.1V gCves a uNcertaCNty oN t@e correctCoN t@at Cs coLparabIe to t@e
LagNetCc uNcertaCNty at t@e ±1LT IeveI.
T@eLeasureLeNts at a retardatCoN of 200V aNd 400V s@ouId Not be CNterpreted as a LeasureA
LeNt of t@e pure CNtegraI asyLLetry, but rat@er as a LeasureLeNt of t@e partCaIIy CNtegrated
asyLLetry. T@Cs reduces t@e correctCoN factor, but Not Cts uNcertaCNtCes.
10.3. Stern-Gerlach effects
SCNce t@e spCN of t@e NeutroN CNteracts wCt@ t@e LagNetCc gradCeNts, t@e SterNAGerIac@ effects
@ave to be estCLated. T@e poteNtCaI eNergy of a LagNetCc dCpoIe CN a LagNetCc fieId Cs gCveN by
𝑈 = −⃗⃗⃗⃗⃗⃗𝑚 ⋅ ⃗⃗ ⃗⃗?⃗? aNd CN aN CN@oLogeNeous fieId a force acts oN t@e LagNetCc LoLeNt. T@at force
Cs gCveN by t@e gradCeNt of ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗▽⃗ (⃗⃗ ⃗⃗ ⃗⃗𝑚 ⋅ ⃗⃗ ⃗⃗?⃗?) aNd for our IoNgCtudCNaI poIarCzatCoN aNd LagNetCc fieId
coNfiguratCoN resuIts CN
𝐹 = ⃗⃗⃗⃗⃗⃗ ⃗⃗▽⃗ ⎛⎜⎜⎜
⎝
⎛⎜⎜⎜
⎝
0
0
𝜇𝑧
⎞⎟⎟⎟
⎠
⋅ ⎛⎜⎜⎜
⎝
𝐵𝑥(𝑥, 𝑦, 𝑧))
𝐵𝑦(𝑥, 𝑦, 𝑧)
𝐵𝑧(𝑥, 𝑦, 𝑧)
⎞⎟⎟⎟
⎠
⎞⎟⎟⎟
⎠
= 𝜇𝑧
⎛⎜⎜⎜
⎝
𝜕𝑥
𝜕𝑦
𝜕𝑧
⎞⎟⎟⎟
⎠
𝐵𝑧(𝑥, 𝑦, 𝑧)) ≈ 𝜇𝑧𝜕𝑧𝐵(𝑧) (10.3)
Force coLpoNeNts CN traNsversaI dCrectCoN are oNe order of LagNCtude Iower t@aN t@e 𝑧 coLA
poNeNt. For aN estCLatCoN of t@e streNgt@, a gradCeNt of 0.15 TL−1 wCt@ IeNgt@ of 1L @as beeN
c@oseN. T@e force actCNg oN t@e NeutroN eNterCNg t@e decay voIuLe Cs t@eN±1.45 × 10−27Mw@Cc@
resuIts CN aN acceIeratCoN of ±0.87Ls−2, depeNdCNg oN t@e sCgN of t@e spCN. Toget@er wCt@ t@e
approxCLate veIocCty of t@e NeutroN of 800Ls−1 t@at taGes about 1.25Ls to pass t@at gradCeNt
t@Cs resuIts Cs a reIatCve c@aNge CN veIocCty of about Δ𝑣/𝑣 = 1.4 × 10−6.
T@e effect oN t@e asyLLetry CN a coNtCNuous beaL LeasureLeNt Cs t@eN caused by t@e dCfferA
eNt tCLe t@at Ct taGes t@e coLpoNeNts to pass t@roug@ t@e decay voIuLe (see [Fre04]).
𝐶𝑒𝑥𝑝 =
𝑁1(1 + Δ𝑣/𝑣) − 𝑁2(1 − Δ𝑣/𝑣)
𝑁1(1 + Δ𝑣/𝑣) + 𝑁2(1 − Δ𝑣/𝑣)
= 𝑁1 −𝑁2 + (𝑁1 +𝑁2)(Δ𝑣/𝑣)𝑁1 +𝑁2 + (𝑁1 −𝑁2)(Δ𝑣/𝑣)
(10.4)
W@Cc@ resuIts CN a correctCoN 𝛿𝐶 oN t@e true asyLLetryw@eN derCvCNg t@eLeasured asyLLetry
𝐶𝑒𝑥𝑝 = 𝐶+ 𝛿𝐶. T@Cs correctCoN caN be expressed as a fuNctCoN of t@e asyLLetry aNd t@e s@Cft CN
veIocCty.
𝛿𝐶 =
(𝐶2 − 1) (Δ𝑣/𝑣)
𝐶 (𝐶 (Δ𝑣/𝑣) + 1) = −
3.96928(Δ𝑣/𝑣)
0.2377 (Δ𝑣/𝑣) + 1 ≈ −5.6 × 10
−6 (10.5)
ANy CNflueNce of t@e CNtegratCoN over t@e true NeutroN veIocCty dCstrCbutCoN aNd t@e reaILagNetCc
gradCeNt wCII Not c@aNge t@Cs by orders of LagNCtude, aNd t@erefore t@Cs effect Cs NegICgCbIe.
BN our case of a puIsed LeasureLeNt wCt@ a ToF cut, eac@ spCN coLpoNeNt Cs sICg@tIy s@Cfted
for eac@ ToF tCLe. But t@e s@Cft Cs very sLaII aNd Cts oNIy CNflueNce Cs vCa t@e LagNetCc LCrror
effect aNd t@erefore furt@er suppressed.
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10.4. Effect of the Moving Neutron - Doppler Effect
T@e NeutroN decays CN Cts rest fraLe aNd aII aNguIar dCstrCbutCoNs are aIso descrCbed CN t@e rest
fraLe. T@e NeutroN traverses t@e decay voIuLe wCt@ approxCLateIy 800Ls−1. T@e decay eIecA
troNs wCt@ t@eCr Iow Lass aIready @ave reIatCvCstCc veIocCtCes for quCte Iow eNergCes. But t@e
@eavy protoNs @ave a veIocCty spectruL (see FCgure 10.4) t@at CN soLe parts Cs coLparabIe to
t@e NeutroN veIocCty. T@Cs c@aNges t@e aNguIar dCstrCbutCoN of t@e protoNs CN t@e Iab fraLe aNd
t@erefore CNflueNces t@e Leasured asyLLetrCes.
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FCgure 10.4.: VeIocCty spectruL of t@e protoNs froL NeutroN beta decay.
For a first approxCLate dCscussCoN, we NegIect t@e LagNetCc LCrror effect. BN t@e extreLe case
of protoNswCt@ a veIocCty Iower t@aN t@e NeutroN veIocCty, aII protoNs are detected oN t@e forward
detector. For eac@ protoN veIocCty oNe caN caIcuIate t@e LaxCLuL pCtc@ aNgIe 𝜃 ∈ [𝜋/2, 𝜋] CN
t@e rest fraLe of t@e NeutroN t@at Cs detected oN t@e dowNstreaL detector.
𝜃𝑐𝑟𝑖𝑡 =
⎧{
⎨{⎩
𝜋 for 𝑣p < 𝑣N
arccos(−𝑣N/𝑣p) for 𝑣p ≥ 𝑣N
(10.6)
T@Cs aNgIe Cs very cIose to t@e optCLaI 90° for Lost of t@e spectruL, but at Iow eNergCes t@e
dCffereNce caN be quCte bCg as s@owN CN FCgure 10.5. At t@e protoNs eNdApoCNt eNergy t@e crCtCcaI
aNgIe Cs 90.1208°.
BN order to caIcuIate t@e effect oN t@e Leasured asyLLetry, t@e aNguIar dCstrCbutCoN of t@e
protoNs Cs CNtegrated oN [0, 𝜃𝑐𝑟𝑖𝑡] aNd [𝜃𝑐𝑟𝑖𝑡, 𝜋]. T@Cs aIIows to pIot t@e Leasured asyLLetry
as a fuNctCoN of t@e protoNs veIocCty. DepeNdCNg oN t@e Let@od of defiNCNg t@e experCLeNtaI
asyLLetry t@e effect @as a dCffereNt streNgt@.
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(b) ZooL CNto t@e very Iow eNergCes
FCgure 10.5.: CrCtCcaI aNgIe for detectCoN CN t@e dowNstreaL detector pIotted for t@ree dCffereNt
NeutroN veIocCtCes.
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For t@e foIIowCNg dCscussCoN a NeutroN veIocCty of (800± 80)Ls−1 Cs assuLed. Bf oNe extracts
t@e asyLLetry as t@e dCffereNce of t@e two detectors for a fixed spCN flCp status, t@e reIatCve corA
rectCoN oN t@e asyLLetry Cs (3.15± 0.31) × 10−2 for t@e oNe spCN dCrectCoN aNd for t@e ot@er spCN
dCrectCoN (−3.14± 0.31) × 10−2. Bot@ uNcertaCNtCes are sICg@tIy asyLLetrCc, but Not oN t@e IeveI
dCspIayed @ere. W@eN averagCNg t@e bot@ asyLLetry LeasureLeNts t@e coLbCNed correctCoN Cs
(1.95+0.41−0.37) × 10−5.
T@e NorLaI approac@ Cs to extract t@e asyLLetry CN eac@ detector CNdepeNdeNtIy usCNg t@e
spCNAflCpper. BN t@at case t@e reIatCve correctCoN of t@e asyLLetry CN t@e dowNstreaL detecA
tor Cs (3.74± 0.37) × 10−3 aNd CN t@e upstreaL detector (−3.74± 0.37) × 10−3. CoLbCNCNg bot@
detectors t@eN reduces t@e systeLatCc correctCoN due to t@e LovCNg NeutroN to a NegICgCbIe
(1.85+0.59−0.50) × 10−8 .T@e depeNdeNce of t@e Leasured protoN asyLLetry oN t@e protoN veIocCty
Cs s@owN CN FCgure 10.6.
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FCgure 10.6.: ProtoN asyLLetry as fuNctCoN of protoN veIocCty. T@e bIue ICNeLarGs t@e true asyLA
Letry, CN yeIIow t@e Leasured asyLLetry CN t@e dowNstreaL detector Cs pIotted
aNd CN greeN CN t@e upstreaL detector.
T@erefore t@Cs effect oNIy @as to be coNsCdered Cf a deterLCNatCoN CN oNe of bot@ detectors
Cs CLpossCbIe. BN t@at case a fuII caIcuIatCoN s@ouId taGe t@e reaI veIocCty dCstrCbutCoN of t@e
NeutroN puIse CNto accouNt. AN CNflueNce oN t@e correctCoN of t@e LagNetCc LCrror effect due
to t@e LovCNg NeutroN caNNot be excIuded, but for t@e caIcuIatCoN oNe Eust @as to traNsforL t@e
eLCssCoN aNgIe dCstrCbutCoN CN t@e rest fraLe of t@e NeutroN CNto t@e correspoNdCNg dCstrCbutCoN
CN t@e Iab fraLe.
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10.5. Edge Effect and Beam Profile
As caIcuIated CN c@apter 7 t@e effect of t@e PSF Cs sCgNCficaNt for t@e sLaII foCI. But t@e fiNaI
geoLetry @as severaI possCbIe edge effects aNd ot@er CNflueNces t@at caNNot be caIcuIated usCNg
t@Cs sCLpIe Let@od. FroL t@e partCcIe tracGCNg CN a preICLCNary LodeI of t@e LagNetCc fieId,
we caN see, t@at a part of t@e beaL LCg@t scratc@ oN t@e Iower edge of t@e eNtry aperture of
t@e fieId degrader. AddCtCoNaIIy t@e caIcuIatCoNs CN c@apter 7 CgNore aII effects froL t@e eIectrCc
fieIds. T@e gradCeNt fieId of t@e eNtraNce of t@e fieId degrader LCg@t @ave a focussCNg CNflueNce
oN t@e protoNs. T@Cs effect wCII be dCffereNt froL t@e effects oN t@e eIectroNs, sCNce t@ey @ave
@ugeIy dCffereNt eNergCes. AIso t@e systeL does Not coNsCst of oNIy oNe baffle. T@e first aNd Iast
eIectrode of t@e fieId degrader @ave a sICg@tIy dCffereNt edge radCC, but t@ose effects s@ouId be
LasGed by t@e sCze of t@e foCI. For t@e eIectroNs at Ieast t@e sCze of t@e detector aNd t@e foCI @ave
to be coNsCdered aNd t@e fact t@at t@ey are sCtuated at dCffereNt LagNetCc fieIds.
T@e sCtuatCoN of t@e protoNs Cs Lore coLpIex aNd NecessCtates t@e coNsCderatCoN of aII eIectrCc
aNd LagNetCc fieIds aIoNg t@e flCg@t pat@ CN a fuII partCcIe tracCNg sCLuIatCoN. T@e coLbCNed
forces of a varCabIe LagNetCc fieId (aIoNg t@e flCg@t pat@ aNd aIso CN traNsverse dCrectCoN) aNd t@e
beNdCNg CN t@e sAs@ape (𝑅 × 𝐵 drCfts) aNd t@e @Cg@Iy varyCNg eIectrCc poteNtCaI at t@e retardatCoN
eIectrodes caNNot be caIcuIated aNaIytCcaIIy. AddCtCoNaIIy, t@e traNsverse sCze of t@e NeutroN
beaL @as to be coNsCdered CN aII t@ose caIcuIatCoNs sCNce t@e LagNetCc fieId s@ows a varCatCoN CN
t@Cs dCrectCoN. PIots of t@e traNsversaI fieId Laps caN be fouNd CN subsectCoN 5.3.1.
10.6. Magnetic Mirror Effect
T@e LagNetCc LCrror effect (see c@apter 3) Cs caused by t@e s@ape of t@e LagNetCc fieId CN t@e
ceNtraI voIuLe. T@Cs fieId Cs stroNgest CN t@e ceNter aNd sIowIy decreases towards t@e eNd of t@e
ceNtraI voIuLew@ere Ct decreases stroNger aNd beNds towards t@e detector vesseIs. For a partCcIe
decayCNg CN oN t@e LaxCLuL of t@e LagNetCc fieId t@Cs @as No effect aNd aII decay partCcIes caN
arrCve at t@e detector t@at beIoNgs to t@e rCg@t @eLCsp@ere.
T@e sCtuatCoN Cs dCffereNt for decays t@at are sCtuated CN a Iower fieId. Decay partCcIes wCt@ very
@Cg@ aNgIe towards t@eLagNetCc fieId t@at are eLCtted CN t@e dCrectCoN of t@e fieIdLaxCLuL caN
be reflected at t@e LaxCLuL aNd t@erefore be detected CN t@e wroNg detector. To first order t@Cs
effect @as t@e saLe aLpICtude oN bot@ sCdes of t@e LaxCLuL aNd t@erefore t@e effect Cs reduced
w@eN bot@ detectors are averaged. SCNce t@e fieId gradCeNts are Not exactIy t@e saLe oN eac@ sCde
of t@e LaxCLuL aNd t@e NeutroN puIse Cs dCvergCNg w@CIe traversCNg t@e ceNtraI voIuLe a sLaII
correctCoN reLaCNs.
T@e foIIowCNg equatCoNs for t@e correctCoN of t@e LagNetCc LCrror effect @ave beeN derCved
by RaveN [Rav95] aNd especCaIIy for t@e case of Perkeo BBB t@ey are preseNted CN [WaN13] (see
aIso [Kär06] aNd [Kes11]). T@e caIcuIatCoN Cs sCLCIar to t@e prevCous caIcuIatCoN of t@e LovCNg
NeutroN. BCggest dCffereNce Cs t@at t@e crCtCcaI aNgIe depeNds oN t@e LagNetCc fieId streNgt@ aNd
t@erefore t@e posCtCoN of decay. AddCtCoNaIIy t@e effect Cs stroNg eNoug@, t@at oNe @as to accouNt
for t@e deNsCty of t@e puIse wCt@ tCLe of flCg@t effects.
For aN exteNded NeutroN deNsCty 𝜌(r, 𝑡), oNe caN defiNe t@e propertCes 𝑀 aNd 𝑘. T@ey are
defiNed by coLbCNatCoNs of CNtegraIs over t@e space Ieft aNd rCg@t of t@eLagNetCc fieIdLaxCLuL
wCt@ trCgoNoLetrCc fuNctCoNs of 𝜃𝑐𝑟𝑖𝑡(r). T@e paraLeter𝑀 Cs sICg@tIy Iower t@aN 1 aNd descrCbes
t@e gradCeNt aNd @oLogeNeCty of t@e LagNetCc fieId. T@e vaIue 𝑘 descrCbes t@e asyLLetry of t@e
LagNetCc fieId weCg@ted by t@e NeutroN deNsCty aNd Cs oNe order of LagNCtude sLaIIer t@aN𝑀.
WCt@ t@ose paraLeters t@e experCLeNtaI asyLLetrCes CN t@e sCNgIe detectors CNcIudCNg t@e
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LagNetCc LCrror effects caN be expressed as
𝐶1,2𝑒𝑥𝑝 = 𝐶
𝑀
1 ± 𝑘 (10.7)
T@e correctCoN Cs furt@er reduced by averagCNg t@e bot@ detectors.
𝐶𝑎𝑣𝑔𝑒𝑥𝑝 = 𝐶
𝑀
1 − 𝑘2
(10.8)
T@e dCffereNt sIopes of t@e two detectors CN t@e ToFAspectra caN be expIaCNed wCt@ t@Cs effect
aNd t@e assocCated correctCoNs. To CIIustrate t@e tCLe depeNdeNce of t@ose paraLeters, a caIcuIaA
tCoN of t@e sCze of t@ose paraLeters as a fuNctCoN of t@e tCLe of flCg@t CNsCde Perkeo BBB Cs preseNted
CN FCgure 10.7.
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FCgure 10.7.: CaIcuIatoN of t@e tCLe depeNdeNce of t@e paraLeters aNd correctCoNs froL t@eLagA
NetCc LCrror effect froL fieIdLaps aNd NeutroN puIse s@ape aNaIysCs froL t@e 2009
LeasureLeNt. PIot froL [Kär15].
10.7. Electrostatic Potentials
SCNce t@e protoNs @ave reIatCveIy Iow GCNetCc eNergCes, t@ey are easCIy dCsturbed by reIatCveIy
sLaII eIectrostatCc poteNtCaIs. A IocaICzed poteNtCaI of oNIy a few voIts caN aIready CNflueNce aNd
repeI a good fractCoN of t@e protoN beaL. T@ose poteNtCaIs caNNot beLeasured aNd caN t@erefore
Not be corrected for.
T@us t@e CNflueNce of t@e retardatCoN poteNtCaI CN t@e decay voIuLe was studCed by FIopf
[FIo17] aNd coNsCdered w@CIe desCgNCNg t@e eIectrode settCNgs. AddCtCoNaIIy No CsoIatCNg LateA
rCaI Cs aIIowed Near t@e NeutroN beaL CNsCde t@e decay voIuLe. T@e saLe Cs true for eIectrCc
coLpoNeNts as t@ey were preseNt CN t@e caICbratCoN scaNNer. T@Cs was oNe of t@e reasoNs we dCd
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Not eLpIoy Ct w@CIe LeasurCNg protoNs. ON a sLaIIer IeveI t@e dCffereNces CN t@e worG fuNctCoN
of dCffereNt LaterCaIs caN aIso create aN eIectrostatCc poteNtCaI.
By bIocGCNg protoNs beIow a certaCN t@res@oId voItage, oNe caN avoCd to detect t@ose protoNs
t@at @ave possCbIy beeN dCsturbed. We Leasured at severaI dCffereNt voItages but especCaIIy at
10V, 20V aNd 50V. T@Cs CNtroduces aN addCtCoNaI correctCoN as caIcuIated CN sectCoN 10.2.
10.8. Grid-Effect
BNstaIICNg t@e wCre grCd CN t@e retardatCoN systeL @as Cts advaNtages aNd dCsadvaNtages. ON t@e
oNe @aNd Ct stabCICzed t@e eIectrCc fieId of t@e degraders so Luc@, t@at a sCLuItaNeous operatCoN
of bot@ degraders above 12 GV was feasCbIe. ON t@e ot@er @aNd protoNs caN scatter oN t@e wCres.
T@Cs couId c@aNge t@e LoLeNtuL of t@e protoNs as weII as t@eCr dCrectCoN. SLaII c@aNges CN
dCrectCoN are Not t@at @arLfuI as IoNg as t@ey are stCII detected oN t@e rCg@t detector. Absorbed
protoNs are a bCgger probIeL Cf t@e absorptCoN probabCICty depeNds oN t@e eNergy or t@e LoA
LeNtuL of t@e protoN. T@Cs t@eN c@aNges t@e Leasured vaIue of t@e protoN asyLLetry sCNce
t@e asyLLetry Cs eNergy depeNdeNt.
A first caIcuIatCoN was doNe by G. FoNrad [FoN15] wCt@ t@e coNcIusCoN, t@at suc@ a wCre grCd
does Not CNflueNce t@e vaIue of t@e protoN asyLLetry at our t@eN pIaNNed IeveI of precCsCoN.
BN order to provCde aN estCLatCoN of t@Cs effect, oNe caN caIcuIate t@e probabCICty of a wCre
@Ct. T@e reguIar wCre grCd of 25μL wCres wCt@ a 5LL pCtc@ covers 0.5% of t@e crossAsectCoN of
t@e eIectrode. SCNce t@e partCcIes t@at arrCve at t@e wCre aIready @ave traveIIed aIoNg a gradCeNt,
t@eCr LaxCLuL pCtc@ aNgIe Cs boosted to approxCLateIy 50°wCt@ a dCaLeter of gyratCoN of about
7LL. T@Cs bCg pCtc@ of t@e @eICx decreases t@e @Ct probabCICty.
To arrCve at t@e LaxCLuL @Ct probabCICty @eICx pCtc@ of t@e partCcIe wCt@ t@e bCggest aNgIe to
t@e LagNetCc fieId @as to be coLpared wCt@ t@e wCre t@CcGNess. WCt@ t@e prevCous paraLeters a
@eICx pCtc@ of 14 cL caN be caIcuIated. CoLpared to t@e wCdt@ of a wCre t@Cs traNsIates to a probA
abCICty of 1.8 × 10−4 of beCNg at t@e rCg@t zAposCtCoN. KuItCpIyCNg bot@ vaIues gCves a LaxCLuL
probabCICty of about 1 × 10−6. EveN Cf t@Cs probabCICty Cs eNergy depeNdeNt Ct does Not Latter.
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11.1. Method
T@e protoN asyLLetry of a retardatCoN settCNg caN be extracted by first coIIectCNg t@e sCgNaI aNd
bacGgrouNd spectra froL t@e data set of t@e correspoNdCNg retardatCoN settCNg. MaturaIIy t@ose
Lust be spICt CNto t@e two spCN coNfiguratCoNs up aNd down. T@e saLe Cs doNe for t@e spectra of
t@e FULL850_BT retardatCoN settCNg, w@Cc@ Cs t@e refereNce settCNg wCt@ oNIy eIectroNs.
A step by step caIcuIatCoN of t@e asyLLetry Cs t@eN started by subtractCNg t@e tCLeAofAflCg@t
bacGgrouNd froL t@e spectra of t@e sCgNaI wCNdow. At t@at poCNt Ct Cs Necessary to CNcIude t@e
correct bacGgrouNd scaICNg of t@e deadtCLe effects. T@ose cIeaN spectra caN t@eN be used to
subtract t@e eIectroN sCgNaI froL t@e coLbCNed eIectroN protoN sCgNaI. At t@Cs stage, spectra of
dCffereNt data fiIes are coLbCNed aNd t@e spectra @ave to be scaIed wCt@ t@e ratCo of t@e LeasureA
LeNt tCLe of t@e respectCve data set. T@at scaICNg Cs LaCNIy depeNdeNt oN t@e NuLber of fiIes for
t@e protoN data set coLpared to t@e NuLber of eIectroN fiIes. AN addCtCoNaI scaICNg factor coLes
froL t@e fact, t@at bot@ spCN states are Not Leasured for exactIy t@e saLe tCLe due to t@e vaICdCty
of t@e cycIe or t@e retardatCoN eIectrode settCNg1. T@e reLaCNCNg four spectra are t@e pure protoN
eveNts oN t@e upstreaL detector (up1 aNd down1) aNd t@e dowNstreaL detector (up2 aNd down2).
For t@e proton_up2 spectruL t@Cs subtractCoN Cs s@owN CN FCgure 11.1. T@e NuLber of protoN
eveNts Cs t@eN t@e CNtegraI of t@Cs protoN peaG. FroL t@e NuLber of eveNts CN eac@ spectruL, oNe
caN caIcuIate t@e protoN asyLLetry as
𝐶 =
𝑁upprot −𝑁dowNprot
𝑁upprot +𝑁dowNprot
(11.1)
For a fuII error propagatCoN, Ct Cs better to fiNd t@e fuII forLuIa of t@e asyLLetry sCNce CN t@e
deNoLCNator soLe CNflueNces aILost caNceI uNder certaCN assuLptCoNs. T@Cs caN be seeN best CN
t@e sCLpIe forLuIa of t@e eIectroN asyLLetry.
𝐴 = 𝑁
↑ −𝑁↓
𝑁↑ +𝑁↓ =
(𝑆↑ − 𝐵↑) − (𝑆↓ − 𝐵↓)
(𝑆↑ − 𝐵↑) + (𝑆↓ − 𝐵↓)
𝐵↑=𝐵↓= 𝑆
↑ − 𝑆↓
𝑆↑ + 𝑆↓ − 2𝐵 (11.2)
SCLCIar effects caN aIso be fouNd CN t@e caIcuIatCoN of t@e protoN asyLLetry. T@erefore t@e
protoN asyLLetry Cs wrCtteN CN terLs of t@e sCNgIe spectra of t@e sCgNaI aNd bacGgrouNd tCLe
wCNdow aNd t@e severaI scaICNg factors. T@e protoN spectra for up aNd dowN are t@eN wrCtteN as
𝑁upprot = ((𝑆
up
𝑝 − 𝐵up𝑝 𝑘up𝑝 ) 𝑘upep − (𝑆up𝑒 − 𝐵up𝑒 𝑘up𝑒 )) (11.3)
𝑁dowNprot = ((𝑆dowN𝑝 − 𝐵dowN𝑝 𝑘dowN𝑝 ) 𝑘dowNep − (𝑆dowN𝑒 − 𝐵dowN𝑒 𝑘dowN𝑒 )) (11.4)
1For a furt@er aNaIysCs Ct Cs pIaNNed to CNvaICdate t@ose cycIes syLLetrCcaIIy wCt@ respect to t@e spCNflCp patterN. T@eN
agaCN aII ICNear drCfts vaNCs@ aNd bot@ data sets are Leasured wCt@ t@e saLe statCstCcs
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FCgure 11.1.: SubtractCNg t@e eIectroNs froL t@e coLbCNed spectruL produces t@e protoN specA
truL. BN t@Cs case t@e extractCoN of t@e proton_up2 spectruL oN t@e dowNstreaL
detector Cs s@owN for t@e coLbCNed data set A1 t@at Cs t@e fuII LeasureLeNt data.
For spCN CNdepeNdeNt bacGgrouNd spectra (𝐵up𝑝 = 𝐵dowN𝑝 = 𝐵𝑝 aNd 𝐵
up
𝑒 = 𝐵dowN𝑒 = 𝐵𝑒, but wCt@
dCffereNt spectra for t@e eIectroN aNd protoN dataset 𝐵𝑒 ≠ 𝐵𝑝) t@e equatCoN caN t@eN be wrCtteN
as:
𝐶 =
𝑁upprot −𝑁dowNprot
𝑁upprot +𝑁dowNprot
=
2(−𝐵𝑒𝑘dowN𝑒 + 𝐵𝑝𝑘dowNep 𝑘dowN𝑝 + 𝑆dowN𝑒 − 𝑘dowNep 𝑆dowN𝑝 )
𝐵𝑒 (𝑘dowN𝑒 + 𝑘
up
𝑒 ) − 𝐵𝑝 (𝑘dowNep 𝑘dowN𝑝 + 𝑘
up
ep 𝑘up𝑝 ) − 𝑆dowN𝑒 + 𝑘dowNep 𝑆dowN𝑝 − 𝑆
up
𝑒 + 𝑘upep 𝑆up𝑝
+ 1
(11.5)
FroL t@at equatCoN aII partCaI derCvatCves caN be used to caIcuIate t@e coNtrCbutCoN of eac@ error
oN t@e fiNaI uNcertaCNty. Bt Cs usefuI to coLbCNe t@e uNcertaCNtCes froL t@e sCgNaI aNd bacGgrouNd
spectra to a coLbCNed statCstCcaI error. T@e oNIy ot@er uNcertaCNty coNtrCbutCoN CN t@e extractCoN
orCgCNate t@eN CN t@e errors of t@e fitted scaICNg factors.
11.2. Error Tables
T@e resuIts of t@ose extractCoNs for t@e PROTONBLOCK10_BT retardatCoN settCNg are suLLarCzed CN
TabIe 11.1 for t@e upstreaL detector aNd CN TabIe 11.2 for t@e dowNstreaL detector. T@e vaIues
extracted froL t@e dCffereNt sets oN t@e upstreaL detector are Luc@ Lore stabIe t@aN oN t@e
116
11.2. Error Tables
dowNstreaL detector. T@e errors oN bot@ detectors for aII data sets are doLCNated by t@e sysA
teLatCc coNtrCbutCoN of error of t@e autoLatCc scaICNg. T@e dowNstreaL detector CN geNeraI @as
a Luc@ worse perforLaNce wCt@ teN tCLes CNcreased errors of t@e autoLatCc fit aNd a sICg@tIy
@Cg@er statCstCc uNcertaCNty. W@eN coLbCNCNg aII t@e data a statCstCc uNcertaCNty CN eac@ detector
of about 0.0018 caN be reac@ed w@Cc@ Cs approxCLateIy 0.76% depeNdCNg oN t@e vaIue of C.
set C coLb. error syst. error stat. error % syst. % stat.
1 0.2407 ±0.0061 ±0.0059 ±0.0015 ±2.4 ±0.63
2 0.2326 ±0.0105 ±0.0101 ±0.0027 ±4.4 ±1.2
3 0.2417 ±0.0150 ±0.0145 ±0.0040 ±6.0 ±1.7
aII 0.2406 ±0.0070 ±0.0068 ±0.0018 ±2.8 ±0.75
TabIe 11.1.: UpstreaL detector (GreNobIe) for t@e autoLatCc scaICNg aNd No ot@er systeLatCc corA
rectCoNs. (PROTONBLOCK10_BT wCt@ CNtegratCoN bouNdary 15000)
set C coLb. error syst. error stat. error % syst. % stat.
1 0.2265 ±0.0412 ±0.0411 ±0.0028 ±18 ±1.2
2 0.1844 ±0.0637 ±0.0635 ±0.0048 ±34 ±2.6
3 0.1636 ±0.0517 ±0.0512 ±0.0067 ±31 ±4.1
aII 0.2053 ±0.0213 ±0.0212 ±0.0016 ±10 ±0.79
TabIe 11.2.: DowNstreaL Detector (HyoN) for t@e autoLatCc scaICNg aNd No ot@er systeLatCc corA
rectCoNs. (PROTONBLOCK10_BT wCt@ CNtegratCoN bouNdary 15000)
T@e asyLLetrCes caN aIso be extracted wCt@ No suc@ autoLatCc scaICNg correctCoN. T@eN t@e
vaIue of t@e extracted protoN asyLLetry depeNds oN t@e CNtegratCoN borders of t@e sCNgIe protoN
spectra. T@ose @ave a dCffereNt Not vaNCs@CNg bacGgrouNd t@at Cs t@eN CNcIuded CN t@e CNtegratCoN.
For t@e caIcuIatCoN of t@e uNcertaCNtCes t@Cs assuLes aN error of 1 × 10−4 oN t@e coNstaNt scaICNg.
T@Cs resuIts are preseNted CN TabIe 11.3 aNd TabIe 11.4. As oNe caN see, t@e vaIues vary stroNgIy
aNd addCtCoNaIIy depeNd oN t@e CNtegratCoN border. So wCt@out t@e bacGgrouNd scaICNg t@e data
Cs Not usabIe. T@erefore a t@oroug@ uNderstaNdCNg of t@e bacGgrouNd Cs Needed for a furt@er
aNaIysCs to fuIIy expIoCt t@e good statCstCc uNcertaCNty.
AII ot@er retardatCoN settCNgs caN be extracted CN t@e saLe way. SCNce t@e @Cg@er retardatCoN
settCNgs were Not as ofteN Leasured as t@e PROTONBLOCK10_BT aNd PROTONBLOCK20_BT settCNgs, Ct
Cs oNIy usefuI to aNaIyse t@e coLpIete data set t@at coNsCsts of group 1 to 3. For t@e upstreaL
set C coLb. error syst. error stat. error % syst. % stat.
1 0.2204 ±0.0015 ±0.0002 ±0.0015 ±0.11 ±0.67
2 0.1903 ±0.0029 ±0.0004 ±0.0029 ±0.22 ±1.5
3 0.2700 ±0.0050 ±0.0005 ±0.0050 ±0.18 ±1.9
aII 0.2283 ±0.0022 ±0.0005 ±0.0021 ±0.22 ±0.92
TabIe 11.3.: UpstreaL Detector (GreNobIe) wCt@ No correctCoNs aNd assuLed 1 × 10−4 errors oN
t@e scaCNg. PROTONBLOCK10_BT aNd CNtegratCoN border 15000
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set C coLb. error syst. error stat. error % syst. % stat.
1 0.2999 ±0.0034 ±0.0014 ±0.0031 ±0.47 ±1.0
2 0.4373 ±0.0071 ±0.0024 ±0.0067 ±0.55 ±1.5
3 0.1832 ±0.0094 ±0.0015 ±0.0093 ±0.81 ±5.0
aII 0.3453 ±0.0023 ±0.0012 ±0.0020 ±0.35 ±0.57
TabIe 11.4.: DowNstreaL detector (HyoN) wCt@ No correctCoNs aNd assuLed 1 × 10−4 errors oN t@e
scaCNg. PROTONBLOCK10_BT aNd CNtegratCoN border 15000
detector t@e resuIts of t@ee autoLatCc scaICNg are preseNted CN TabIe 11.5 aNd for t@e dowNstreaL
detector CN TabIe 11.6. AgaCN t@e systeLatCc error of t@e autoLatCc scaICNg fit doLCNates t@e coLA
bCNed error. For exaLpIe t@e 3%LeasureLeNt at retardatCoN settCNg PROTONBLOCK200_BT offers
a great possCbCICty to expIore t@e protoN eNergy depeNdeNt protoN asyLLetry. T@ose vaIues
@ave Never beeN Leasured aNd CN a Next beaLtCLe couId be deterLCNed wCt@ Iower uNcertaCNA
tCes. ON t@e dowNstreaL detector t@e statCstCcaI uNcertaCNtCes are a about a factor four @Cg@er
t@aN oN t@e upstreaL detector. T@e fits of t@e autoLatCc scaICNg factors do Not worG satCsfactory
oN t@e dowNstreaL detector. T@Cs Cs aIso t@e reasoN t@e PROTONBLOCK400_BT data Cs oLCtted CN
t@e tabIe.
ret. V C coLb. error syst. error stat. error % syst. % stat.
10 0.2406 ±0.0086 ±0.0083 ±0.0021 ±3.5 ±0.89
20 0.2609 ±0.0123 ±0.0119 ±0.0031 ±4.6 ±1.3
50 0.2366 ±0.0156 ±0.0151 ±0.0039 ±6.4 ±1.6
200 0.3163 ±0.0292 ±0.0282 ±0.0074 ±8.9 ±3.1
400 0.3513 ±0.1047 ±0.1013 ±0.0265 ±28 ±11
TabIe 11.5.: OvervCew of t@e curreNt status of t@e aNaIysCs CN t@e upstreaL detector (GreNobIe)
for t@e autoLatCc scaICNg aNd No ot@er systeLatCc correctCoNs. Extracted froL t@e
coLbCNed data of set 1A3.
ret. V C coLb. error syst. error stat. error % syst. % stat.
10 0.2048 ±0.0219 ±0.0219 ±0.0017 ±10 ±0.70
20 0.1962 ±0.1347 ±0.1343 ±0.0102 ±68 ±4.3
50 0.2458 ±0.1661 ±0.1656 ±0.0127 ±67 ±5.3
200 0.2472 ±0.3536 ±0.3526 ±0.0267 ±124 ±11
TabIe 11.6.: OvervCew of t@e curreNt status of t@e aNaIysCs CN t@e dowNstreaL detector (HyoN)
for t@e autoLatCc scaICNg aNd No ot@er systeLatCc correctCoNs. Extracted froL t@e
coLbCNed data of set 1A3.
11.3. Dependence on the Integration Region
EspecCaIIy t@e uNcorrected data s@ows a stroNg depeNdeNce oN t@e upper CNtegratCoN border.
T@e NoN vaNCs@CNg bacGgrouNd gets CNtegrated aNd s@Cfts t@e vaIues. For soLe spectra t@e bacGA
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grouNd Cs beIow zero aNd for ot@ers above as preseNted CN subsectCoN 9.7.2.
A grap@CcaI represeNtatCoN of t@at be@avCour caN be fouNd CN FCgure 11.2. For eac@ of t@e data
sets t@e extracted asyLLetry wCt@ t@e coLbCNed error Cs pIotted. T@e grey bar represeNts t@e
prevCous LeasureLeNt of t@e protoN asyLLetry wCt@ Perkeo BB. Of course oNe caNNot coLpare
t@e absoIute vaIue of our pure uNcorrected asyLLetry wCt@ t@e fiNaI vaIue of t@e LeasureLeNt.
?owever, t@e error bar of t@e oId LeasureLeNt caN be used to coLpare wCt@ our New LeasureA
LeNt. For t@e first dataset CN FCgure 11.2a t@e uNcorrected upstreaL detector (Det 1) s@ows a
stroNg depeNdeNce oN t@e CNtegratCoN border uNtCI 20G C@. T@e be@avCour of t@e dowNstreaL
detector @owever Cs reIatCveIy flat but s@Cfted to Luc@ @Cg@er vaIues. W@eN autoLatCcaIIy fittCNg
t@e scaICNg factors t@e vaIues get s@Cfted by a sCgNCficaNt aLouNt. T@Cs Cs caused by a dCffereNt
scaICNg for t@e up aNd dowN coLpoNeNts.
Due to t@e dCffereNt CNflueNce of soLe of t@e systeLatCc correctCoNs t@e Not coLpIeteIy corA
rected vaIues of t@e bot@ detectors caNNot be coLpared.
For t@e secoNd data set CN FCgure 11.2b t@e uNcorrected vaIue of t@e dowNstreaL detector Cs
eveN @Cg@er but gets corrected to a vaIue t@at Cs sCLCIar to t@e vaIue CN t@e first data set. T@e
depeNdeNce of t@e upstreaL vaIue oN t@e CNtegratCoN border @as agaCN a sCLCIar streNgt@. BN
t@e t@Crd data set (FCgure 11.2c) t@e uNcorrected data set oN t@e upstreaL detector s@ows Now a
@Cg@er vaIue aNd t@e opposCte be@avCour as a fuNctCoN of t@e CNtegratCoN border. ?owever t@e
dowNstreaL detector CN t@at data set s@ows vaIues t@at are Luc@ Iower t@aN CN t@e prevCous
data sets.
T@e fuII coLbCNed data set s@ows agaCN a @uge uNcorrected vaIue for t@e dowNstreaL detecA
tor t@at Cs s@Cfted dowN by t@e autoLatCc scaICNg. T@e uNcorrected vaIues froL t@e upstreaL
detector stCII @ave a depeNdeNce oN t@e CNtegratCoN border.
A sCLCIar represeNtatCoN of t@e data froL t@e ot@er retardatCoN settCNgs caN be fouNd CN FCgA
ure 11.3. ?ere oNIy t@e resuIts of t@e fuII data set are preseNted. AgaCN t@e vaIues of t@e upstreaL
detector are stroNgIy depeNdaNt oN t@e CNtegratCoN border. T@e vaIues errors oN t@e dowNstreaL
detector are Luc@ @Cg@er aNd CN Lost cases are Eust CNcIuded for coLpIeteNess. After t@e autoA
LatCc scaICNg correctCoN t@e vaIues are stabIe aNd t@e errors oN t@e dowNstreaL detector deA
creased. StCII Ct LCg@t oNIy be possCbIe to aNaIyse t@e vaIues of t@e upstreaL detector. Bf Ct Cs
possCbIe to fiIter Luc@ of t@e Iow eNergy bacGgrouNd by a burst fiIter CN t@e future t@e errors oN
t@e dowNstreaL detector LCg@t decrease.
11.4. Discussion of the Results
GeNeraIIy, we @ave coIIected data for aN aNaIysCs wCt@ beIow 1% statCstCcaI uNcertaCNty CN eac@
detector. AveragCNg over t@e detectors LCg@t resuIt CN a approxCLateIy 0.6% statCstCcaI uNcerA
taCNty. CoNsCderCNg t@e cCrcuLstaNces of t@e beaLtCLe, t@Cs Cs a satCsfactory resuIt. CurreNtIy
t@e resuIts are ICLCted by t@e uNcertaCNty CN t@e bacGgrouNd scaICNg. Bf we caN CLprove our uNA
derstaNdCNg of t@e bacGgrouNd aNd t@e deadtCLe effects, t@Cs wCII Iead to a LeasureLeNt t@at
Cs coLparabIe to t@e LeasureLeNt of Sc@uLaNN et aI. [SFD+08]. A better fiIterCNg of t@e bacGA
grouNd t@at Cs created by t@e @Cg@ voItage of t@e fieId degraderLCg@t @eIp to CLprove t@e resuIts
oN t@e dowNstreaL detector.
For t@e first tCLe t@e protoN eNergy depeNdeNt protoN asyLLetry @as beeN Leasured at five
eNergy poCNts. T@ose LeasureLeNts @ave a statCstCcaI uNcertaCNty of a few perceNt oN t@e upA
streaL detector. T@e furt@er aNaIysCs of t@ose vaIues Cs possCbIe oNce t@e reaI traNsLCssCoN fuNcA
tCoN of t@e retardatCoN poteNtCaI Cs sCLuIated.
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(a) FroL t@e first groups of cycIes.
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(b) FroL t@e secoNd group of cycIes.
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(c) FroL t@e t@Crd group of cycIes.
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(d) FroL aII groups of t@e beaLtCLe.
FCgure 11.2.: ExtractCoN of t@e bare protoN asyLLetry froL t@e PROTONBLOCK10_BT retardatCoN
settCNg. T@e gray bar CNdCcates t@e vaIue aNd totaI error of t@e Iast LeasureLeNt of
t@e protoN asyLLetry, used to coLpare t@e errorbar, Not t@e absoIute vaIue.
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(a) PROTONBLOCK20_BT fuII beaLtCLe
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(b) PROTONBLOCK50_BT fuII beaLtCLe
−0.5
0
0.5
1
5 10 15 20 25 30 35 40 45
Upper Integration Border [k Ch.]
200V all sets
Det1 no corr
Det2 no corr
Det1 auto
Det2 auto
(c) PROTONBLOCK200_BT fuII beaLtCLe
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(d) PROTONBLOCK400_BT fuII beaLtCLe
FCgure 11.3.: ExtractCoN of t@e bare protoN asyLLetry froL t@e t@e ot@er retardatCoN settCNgs.
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12. Results
12.1. Detector Performance
W@eN desCgNCNg aNd coNstructCNg t@e New detector severaI New coNcepts were CLpIeLeNted.
For t@e first tCLe we used a transparent conductive coating oN t@e scCNtCIIator surface. T@e optCcaI
propertCes of t@e 15 NL BTO coatCNg were studCed CN detaCI aNd t@e @Cg@ reflectCvCty of t@e surface
aIIowed to read out t@e detector froL t@e sCdes. T@Cs CNcreased t@e ICg@t yCeId aNd t@e detector
@oLogeNeCty.
UsCNg a four-side readout of the scintillator by coupICNg ICg@tAguCdes to eac@ sCde, @eIped to furA
t@er CNcrease t@e Iow eNergy perforLaNce of t@e detector. BN order to avoCd aN CN@oLogeNeous
respoNse fuNctCoN of t@e detector, t@e LouNtCNg @as to Ieave a sLaII gap betweeN ICg@t guCde
aNd scCNtCIIator. WCt@ t@e gap t@e aLouNt of ICg@t oN eac@ sCde of t@e scCNtCIIator Cs equaI aNd
CNdepeNdeNt of t@e posCtCoN. T@Cs Cs Not true for t@e ratCo of t@e sCgNaI of t@e two PKTs oN eac@
sCde w@Cc@ Cs stroNgIy depeNdeNt oN t@e posCtCoN of t@e CNcCdeNt eIectroN. T@Cs @as beeN verCfied
usCNg a self-developed ray tracing simulation aNd couId be used for t@e studCes of t@e @oLogeNeCty
of t@e detector.
T@e four sCde readout Lade Ct Necessary to use ICg@t guCdes t@at beNd by 90° aNd are s@Cfted
towards t@e ceNter of t@e detector CN order to fit CNto t@e vacuuL c@aLber of t@e spectroLeA
ter. T@Cs Ied to a coLpICcated t@reeAdCLeNsCoNaI s@ape of t@e ICg@t guCdes, w@Cc@ couId oNIy be
LaNufactured by five-axis milling the light guides froL a bIocG of PIexCgIass. We CLproved t@Cs
tec@NCque uNtCI t@e ICg@t guCdes ac@Ceved a quaICty Not Iess t@aN t@e ICg@t guCdes of t@e prevCous
beaLtCLe t@at were LaNufactured tradCtCoNaIIy. T@e s@ape of t@e ICg@tAguCde @as beeN sCLuA
Iated exteNsCveIy aIso usCNg t@e seIfAdeveIoped rayAtracer to a coNsCsteNt perforLaNce of 93%
CNtegrated ICg@t traNsLCssCoN.
T@e detector LouNtCNg was optCLCzed to fix t@e posCtCoNs of t@e scCNtCIIator aNd t@e ICg@t
guCdes wCt@ t@e LCNCLuL aLouNt of coNtact area. Water cooling the PMTs stabCICzed t@e aLA
pICficatCoN agaCNst daCIy drCfts of t@e teLperature CN t@e experCLeNtaI @aII.
BN order to correctIy dCLeNsCoN t@e detector, t@e magnetic Point Spread Function of t@e systeL
@as beeN studCed aNd sCLuIated. Parts of t@ese resuIts were aIready pubICs@ed CN [DRK+14].
T@e detector perforLaNce Cs very satCsfactory aNd t@e ICg@t output Cs @Cg@er t@aN CN aNy of t@e
prevCousIy used detectors. T@e Iow eNergy respoNse of t@e detector aIIows to successfuIIy fit t@e
IowAeNergetCc AugerAeIectroNs froL t@e 207Bi source for t@e first tCLe. T@Cs great perforLaNce
of t@e detector aIIows to use Ct CN future LeasureLeNts wCt@ @Cg@er precCsCoN.
12.2. Performance of the Experiment During the Beamtime
SeveraI uNforeseeN probIeLs CLpacted t@e perforLaNce of t@e experCLeNt durCNg t@e beaLtCLe.
T@e faCIure of oNe of our 600A power suppICes as weII as CNterCL probIeLs wCt@ t@e water cooIA
CNg systeL caused deIays. AddCtCoNaIIy severe, prevCousIy uNAtestabIe probIeLs wCt@ t@e @Cg@
voItage coNversCoN systeL appeared CN t@e fiNaI coNfiguratCoN. SeveraI test of t@e coNversCoN
foCI supportCNg t@e voItage systeLs reveaIed t@at t@e cIeaNCNg of t@e CLpICcCtIy exCstCNg partCcIe
trap @ad to be CLproved. T@e foreseeN 𝐸 × 𝐵 drCft eIectrodes couId Not coLpeNsate for partCcIe
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eLCssCoN, LostIy due to fieId eLCssCoNs froL surfaces. T@ose surfaces @ad to be reworGed aNd
wCre grCds CNserted to aIIow a syLLetrCc LeasureLeNt wCt@ two detectors at t@e saLe tCLe.
T@e coNversCoN foCIs CN t@e orCgCNaIIy pIaNNed sCze couId Not be LaNufactured reICabIy aNd t@e
traNsport of t@e few CNtact foCIs froLKuNCc@ to GreNobIe was very probIeLatCc. FortuNateIy we
were abIe to Leasure wCt@ sLaIIer, uNcoated foCIs t@at are easCer to produce aNd traNsport.
UsCNg t@ose sLaII uNcoated foCIs we were abIe to Leasure t@e protoN asyLLetry wCt@ a suffiA
cCeNtIy sLaII uNcertaCNty. DurCNg t@e fiNaI LeasureLeNt cycIe t@e retardatCoN systeL, t@e @Cg@
voItage aNd t@e detector worGed reasoNabIy weII.
12.3. Proton-Asymmetry
We @ave successfuIIy coIIected data for a LeasureLeNt of t@e CNtegrated protoN asyLLetry C
t@at aIIow a statCstCcaI uNcertaCNty CN eac@ detector of <0.8%. BN coLbCNatCoN bot@ detectors
couId reac@ 0.6% statCstCcaI uNcertaCNty. SeveraI systematic effects @ave beeN studCed, aNd t@eCr
CNflueNces oN t@e protoN asyLLetry caN be fouNd CN TabIe 12.1.
Two very bCg effects doLCNate t@e error budget. FCrst of aII t@e exact traNsLCssCoN fuNctCoN of
t@e coLbCNatCoN of retardatCoN aNd coNversCoN foCI systeL @as to be sCLuIated CN order to fuIIy
caIcuIate t@e edge effect of t@e foCI aperture aNd t@e retardatCoN correctCoN. T@e ot@er bCg effect
Cs t@e Not fuIIy uNderstood bacGgrouNd subtractCoN scaICNg as preseNted CN subsectCoN 9.7.3. A
better caIcuIatCoN of t@e effects aNd a correctCoN t@at groups aNd corrects @ours or days LCg@t
@eIp to reduce t@e errors CN t@e bacGgrouNd scaICNg. Dust fittCNg t@e scaICNg CNtroduces uNcertaCNA
tCes CN t@e raNge of severaI perceNt or worse. Furt@er studCes of t@e be@avCour of t@e bacGgrouNd
couId @eIp to reduce t@e probIeL.
W@CIe t@e uNcertaCNty of t@e fiNaI resuIt wCII oNIy s@ow ICttIe CLproveLNt over t@e first LeaA
sureLeNt, t@Cs methodically different determination of C wCt@ a dCffereNt spectroLeter, a puIsed
beaL aNd t@e possCbCICty to bIocG protoNs, provCdes Lore coNtroII over systeLatCc effects t@aN
Cts predecessor. T@Cs wCII eN@aNce studCes of coLbCNed NeutroN decay paraLeters. SCNce t@e Iast
LeasureLeNt of t@e protoN asyLLetry was extracted froL t@e saLe data set as t@e LeasureA
LeNt of t@e NeutrCNo asyLLetry, usuaIIy oNIy t@e Iater Cs used CN coLbCNed fits of t@e SK. Our
LeasureLeNt wCII aIIow to aIso CNcIude t@e protoN asyLLetry data CN suc@ aNaIyses. Toget@er
wCt@ t@e sooN to be pubICs@ed New precCse LeasureLeNt of 𝜆 t@e protoN asyLLetry caN be used
to coNstraCNt Ieft @aNded scaIar aNd teNsor CNteractCoNs. T@e dCffereNt depeNdeNce of t@e two
asyLLetrCes oN 𝜆 aNd 𝑏 (t@e FCerz CNterfereNce terL) aIIows to deterLCNe t@e vaIue of 𝑏.
WCt@ t@e retardatCoN systeL Ct was possCbIe to Leasure t@e proton energy dependant proton asym-
metry for t@e very first tCLe. T@e statCstCcs of t@e LeasureLeNt are Not great aNd t@e exact vaIues
stroNgIy depeNd oN t@e sCLuIatCoNs of t@e traNsLCssCoN fuNctCoN of t@e retardatCoN systeL. MevA
ert@eIess t@Cs proof of coNcept aIIows future LeasureLeNts of t@e eNergy depeNdeNce of t@e
protoN asyLLetry. RCg@t Now Ct Cs uNcIear @ow t@at data caN be usefuI CN future fits of NoNASK
p@ysCcs froL NeutroN decay. CurreNtIy t@ere Cs No aNaIytCcaI descrCptCoN of t@e protoN eNergy
depeNdeNt protoN asyLLetry avaCIabIe. Mow t@at t@Cs observabIe Cs experCLeNtaIIy accessCbIe,
Ct LCg@t be CNterestCNg to study t@e t@eoretCcaI CLpICcatCoNs of a Lore precCse deterLCNatCoN.
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13. Outlook
13.1. Improvements of the Detection System
For a future LeasureLeNt wCt@ a sCLCIar systeL severaI CLproveLeNts caN be proposed. KaEor
ICLCtatCoNs curreNtIy orCgCNate CN t@e vacuuL, t@e stabCICty of t@e @Cg@ voItage aNd t@e sCze aNd
Lec@aNCcaI stabCICty of t@e foCIs.
BN order to ac@Ceve a better vacuuL aII sources of outgassCNg @ave to be reLoved or t@eCr
CLpact reduced. WCt@out t@e caICbratCoN robot, t@e reLaCNCNg probIeLatCc parts are t@e fieId
degrader aNd t@e detector CtseIf. T@e Lost probIeLatCc part of t@e fieId degrader are t@e sevA
eraI Iayers of CsoIatCNg LaterCaI used to separate t@e @Cg@ voItage froL t@e CNNer surfaces of t@e
spectroLeter. T@e t@CN gaps betweeN t@eL are dead voIuLe t@at caNNot be puLped efficCeNtIy,
so reducCNg t@eL or cIosCNg t@eL coLpIeteIy LCg@t be Necessary. AddCtCoNaIIy, oNe couId exA
c@aNge aII tefloN parts wCt@ PEEF t@at @as a better vacuuL coLpatCbCICty. T@e @uge surface
area of t@e detector CNcIudCNg t@e ICg@t guCdes @as a bCg CNflueNce oN t@e vacuuL. ONe LCg@t
study t@e possCbCICty of coatCNg t@e w@oIe detector wCt@ a coatCNg t@at @CNders t@e outgassCNg
froL t@e pIastCc. ANot@er possCbCICty Cs to CNcrease t@e IocaI puLpCNg power Near t@e detector,
for exaLpIe by usCNg t@e sCde flaNges to CNstaII sLaII turbo puLps. T@ose couId @eIp to Geep a
good IocaI vacuuL CN t@e ceNtraI voIuLe aNd arouNd t@e @Cg@ voItage. Bt LCg@t be @eIpfuI to
addCtCoNaIIy CNstaII a LetaI aperture CN t@e detector c@aLber t@at oNIy Ieaves a sLaII opeNCNg for
t@e scCNtCIIator. T@Cs wouId t@eN separate t@e bad vacuuL Near t@e ICg@t guCdes froL t@e rest of
t@e spectroLeter.
T@e foCI productCoN aNd traNsport caN be CLproved. KeasurCNg wCt@ a bCg foCI wouId decrease
t@e systeLatCcs, but t@e faCIure rate CN foCI productCoN @as to be Iowered coNsCderabIy. T@e orCgCA
NaIIy pIaNNed foCI sCze Cs obvCousIy very cIose to t@e absoIuteLaxCLuLof t@e curreNt tec@NoIogy.
Furt@er studCes of t@e coatCNg processes t@at couId CNcrease t@e coNversCoN efficCeNcy couId @eIp
to get better statCstCcs. BN order to secure t@e safety of t@e traNsport, t@e foCIs couId be s@Cpped at
aN CNterLedCate productCoN stepw@eN t@ey are stCII oN t@e substrate. T@eLouNtCNg of t@e foCI oN
t@e @oIder couId t@eN be doNe cIose to t@e experCLeNt, reducCNg t@e c@aNce of breaGCNg oN t@e
way. Exc@aNgCNg t@e carboN foCI coLpIeteIy for exaLpIe wCt@ a coated poIyCLCde foCI [?YA+06]
or ot@er LaterCaIs LCg@t aIso be possCbIe. T@ose are so stabIe, t@at t@ey caN be s@CppedwCt@ staNA
dard postaI servCces. Furt@er studCes of t@e coNversCoN process LCg@t aCd t@Cs aNaIysCs but caN
aIso be used to gaCN experCeNce wCt@ t@e foCI paraLeters. FCrst studCes were aIready coNducted
at TUK [Ber16]. Bt was aIso s@owN, t@at t@e surface quaICty of t@e eIectrodes @as a bCg CNflueNce
oN t@e perforLaNce of t@e systeL.
SeveraI sLaII Cdeas exCst @ow t@e caICbratCoN robot couId becoLe Lore vacuuL coLpatCbIe,
but t@e probIeL of t@e eIectrCc poteNtCaIs Near t@e decay voIuLe caN @ardIy be avoCded.
13.2. Comparison of Measurements with PERC and with
Perkeo III
CurreNtIy a successor experCLeNt Cs beCNg coNstructed at t@e KEP?BSTO beaL facCICty of t@e
Forsc@uNgsAMeutroNeNqueIIe ?eCNz KaCerAHeCbNCtz (FRKABB) CN KuNCc@. T@e ”cIeaN, brCg@t aNd
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13. Outlook
versatCIe source of NeutroN decay products” caIIed PERC wCII provCde a beaL of NeutroN deA
cay products to exc@aNgeabIe detectors aNd experCLeNts. T@e NaLe PERC Cs s@ort for ProtoN
EIectroN RadCatCoN C@aNNeI. Bts goaI Cs to eNabIe LeasureLeNts of t@e severaI NeutroN decay
observabIes oN t@e 1 × 10−4 IeveI.
FCgure 13.1.: Sc@eLatCc of PERC froL [FAB+12]
T@e first case study of PERC was pubICs@ed CN 2008 [DAB+08] wCt@ a Lore recceNt update CN
[FAB+12]. BNsCde a 8L IoNg supercoNductCNg soIeNoCd wCt@ a LagNetCc fieId streNgt@ of 1.5T
a NoNAdepoIarCzCNg NeutroN guCde [Reb14] Cs pIaced. T@Cs NeutroN guCde ICLCts t@e dCvergeNce
of t@e NeutroN beaL aNd t@erefore aIso t@e sCze of t@e beaL of t@e decay products. T@ose are
coIIected by t@e stroNgLagNetCc fieId aNd traNsported aIoNg t@e soIeNoCd aIso CNsCde t@e NeutroN
guCde. UsCNg severaI coCIs wCt@ varyCNg fieId streNgt@ of 3 T to 6T t@e beaL of decay products Cs
guCded arouNd t@e NeutroN beaLstop. DetaCIs oN t@e desCgN of t@e LagNetCc fieId CNcIudCNg t@e
s@CeIdCNg caN be fouNd CN [ZCe15]. T@e @Cg@ LagNetCc fieId t@ereby acts as a LagNetCc LCrror aNd
fiIters out aII decay products t@at @ave aN aNgIe Iarger t@aN t@e crCtCcaI aNgIe defiNed by t@e ratCo
of t@e bot@ LagNetCc fieId streNgt@s. T@Cs aIIows to cut CNto t@e aNguIar dCstrCbutCoN w@Cc@ @eIps
CN t@e fiNaI deterLCNatCoN of t@e asyLLetrCes by reducCNg t@e seNsCtCvCty to soLe systeLatCc
effects. T@e beaL of decay products Cs t@eN provCded to exc@aNgeabIe exterNaI CNstruLeNts t@at
are optCLCzed to Leasure oNe or severaI of t@e observabIes.
W@eN used wCt@ a poIarCzed NeutroN beaL, PERC caN oNIy feed oNe detector wCt@ t@e protoN
beaL of approxCLate wCdt@ of 10 cL. T@erefore a sCLCIar detector as used CN t@Cs LeasureLeNt
caN be used to Leasure t@e protoN asyLLetry. ONe couId reuse t@e New good ICg@tguCdes by
buCIdCNg a New detector wCt@ a sCze of 12 cL × 12 cL aNd oNIy oNe ICg@tguCde per sCde. AIso t@e
foCI sCze caN be about t@e saLe sCze as t@e sLaII foCI CN ourLeasureLeNt. T@e saLe detector wCt@
Cts good ICg@t output, couId aIso be used for a LeasureLeNt of t@e eIectroN asyLLetry as oNe of
t@e first LeasureLeNt wCt@ PERC.
ONe bCg probIeL of our beaLtCLe, t@e partCcIe trap betweeN t@e two degraders, does Not exCst
CN t@Cs asyLLetrCc setup. But a New trap betweeN t@e degrader aNd t@e seIector fieId Cs created
aNd Cts CLpact oN a protoN LeasureLeNt wCt@ @Cg@ voItage coNversCoN foCIs @as to be studCed.
SCNce CtLCg@t taGe aw@CIe uNtCIPERC Cs coLpIeteIy coLLCssCoNed aNd a protoNLeasureLeNt
Cs sc@eduIed, oNe LCg@t coNsCder aNot@er beaLtCLe wCt@ Perkeo BBB CN a sCLCIar setup as t@Cs
LeasureLeNt. Mecessary CLproveLeNts CN t@e stabCICty of t@e @Cg@ voItage LCg@t be ac@Ceved
wCt@ t@e t@CNgs we IearNed froL t@Cs LeasureLeNt. Bf t@e foCI traNsport probIeL caN be reduced
or Cf t@e fiNaI step of t@e foCI productCoN caN be doNe Near t@e experCLeNt, t@e systeL @as t@e
capabCICty to LaGe a better LeasureLeNt. Ot@er Lore stabIe foCIs are curreNtIy tested aNd c@arA
acterCzed. Ot@erwCse t@e saLe tCLe couId be used to fuIIy optCLCze t@e detectCoN systeL for a
LeasureLeNt wCt@ PERC. Of course aIso t@e usage of ot@er detectors for Iow eNergetCc protoNs
@as to be studCed, but t@e curreNt systeL @as Not reac@ed Cts LaxCLuL possCbIe perforLaNce.
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A. Plot of the Vacuum Pressure
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FCgure A.1.: Pressure Leasured durCNg t@e Iast beaLtCLe
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B. Additional Plots of the Delta-Time
Investigation
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FCgure B.1.: SaLe PIot as FCgure 9.6b (dowNstreaL detector) but wCt@ aII ?V systeLs turNed off.
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B. Additional Plots of the Delta-Time Investigation
FCgure B.2.: DeIta tCLe @CstograL (upstreaLDetector) froL t@e FULL850_BT retardatCoN aNd data
group 2.
FCgure B.3.: DeIta tCLe @CstograL (upstreaL Detector) froL t@e PROTONBLOCK10_BT retardatCoN
aNd data group 2.
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FCgure B.4.: DeIta tCLe @CstograL (dowNstreaL Detector) froL t@e FULL850_BT retardatCoN aNd
data group 2.
FCgure B.5.: DeIta tCLe @CstograL (dowNstreaL Detector) froL t@e PROTONBLOCK10_BT retardaA
tCoN aNd data group 2.
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C. Mathematica Code for the Simple
Baffle Calculations
In[248]:= thickEdge = ParallelTable[{edge
, NIntegrate[Boole[
Max[Abs[r0[En]*Sin[θ]*(Cos[ϕ] + 1) ], Abs[r0[En]*Sin[θ]* (Cos[ϕ] - 1)]] < edge*rmax*2 &&
Max[Abs[r0[En]*Sin[θ]*(Sin[ϕ] + 1) ], Abs[r0[En]*Sin[θ]* (Sin[ϕ] - 1)]] < edge*rmax*2] Sin[θ], {θ, 0, π/2}, {ϕ, 0, 2 π}, PrecisionGoal → 4, AccuracyGoal → 4, Method → "AdaptiveMonteCarlo"]/(2 π)}
, {En, 0, E0, 0.1 E0}, {edge, 0, 1.2, 0.01}];
thickEnergy = ParallelTable[{kEn, NIntegrate[Boole[
Max[Abs[r0[kEn*E0]*Sin[θ]*(Cos[ϕ] + 1) ], Abs[r0[kEn*E0]*Sin[θ]* (Cos[ϕ] - 1)]] < edge*rmax*2 &&
Max[Abs[r0[kEn*E0]*Sin[θ]*(Sin[ϕ] + 1) ], Abs[r0[kEn*E0]*Sin[θ]* (Sin[ϕ] - 1)]] < edge*rmax*2] Sin[θ], {θ, 0, π/2}, {ϕ, 0, 2 π}, PrecisionGoal → 4, AccuracyGoal → 4, Method → "AdaptiveMonteCarlo"]/(2 π)}
, {edge, 0, 1, 0.1}, {kEn, 0, 1, 0.01}];
FCgure C.1.: Code for t@e t@CcG baffle caIcuIatCoN
In[278]:= thinEdge = ParallelTable[{edge,
NIntegrate[Boole[Abs[r0[En]*Sin[θ]* (1 - Cos[α]) Cos[ϕ] + r0[En] Sin[θ] Sin[α] Sin[ϕ]] < edge*rmax*2 &&
Abs[-r0[En]*Sin[θ]* (1 - Cos[α]) Sin[ϕ] + r0[En] Sin[θ] Sin[α] Cos[ϕ]] < edge*rmax*2] Sin[θ],{α, 0, 2 π}, {θ, 0, π/2}, {ϕ, 0, 2 π}, PrecisionGoal → 3, AccuracyGoal → 2, Method → "AdaptiveMonteCarlo"]/(2 π*2 π)}
, {En, 0, E0, 0.1 E0}, {edge, 0, 1.2, 0.01}];
thinEnergy = ParallelTable[{kEn,
NIntegrate[
Boole[Abs[r0[kEn * E0]*Sin[θ]* (1 - Cos[α]) Cos[ϕ] + r0[kEn * E0] Sin[θ] Sin[α] Sin[ϕ]] < edge*rmax *2 &&
Abs[-r0[kEn * E0]*Sin[θ]* (1 - Cos[α]) Sin[ϕ] + r0[kEn * E0] Sin[θ] Sin[α] Cos[ϕ]] < edge*rmax*2] Sin[θ],{α, 0, 2 π}, {θ, 0, π/2}, {ϕ, 0, 2 π}, PrecisionGoal → 3, AccuracyGoal → 2, Method → "AdaptiveMonteCarlo"]/(2 π*2 π)}
, {edge, 0, 1, 0.1}, {kEn, 0, 1, 0.01}];
FCgure C.2.: Code for t@e t@CN baffle caIcuIatCoN
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C. Mathematica Code for the Simple Baffle Calculations
In[380]:= ListLinePlot[thickEdge
, GridLines → Automatic
, PlotLabel → "thick baffle"
, Frame → True
, FrameLabel → {"baffle diameter [ 4 rmax(E0) ]", "Transmission"}
, BaseStyle → {FontSize → Larger, FontWeight → Bold, FontFamily → "Helvetica"}
, ImageSize → 600
,
PlotLegends ->
Placed[LineLegend[Range[0, 100, 10], LabelStyle → {GrayLevel[0.3], Bold}, LegendLabel → "% of Emax",
LegendLayout → {"Column", 2}], {1., 0.5}]]
ListLinePlot[thickEnergy
, GridLines → Automatic
, PlotLabel → "thick baffle"
, Frame → True
, FrameLabel → {"Energy [E0]", "Transmission"}
, BaseStyle → {FontSize → Larger, FontWeight → Bold, FontFamily → "Helvetica"}
, ImageSize → 600
,
PlotLegends ->
Placed[LineLegend[Range[0, 100, 10], LabelStyle → {GrayLevel[0.3], Bold}, LegendLabel → "% of Dmax",
LegendLayout → {"Column", 2}], {1., 0.5}]]
FCgure C.3.: Code to pIot t@e t@CcG baffle data
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D. Rates
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FCgure D.1.: BacGgrouNd rates separated by t@e first trCggered detector.
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FCgure D.2.: SCgNaI A BacGgrouNd separated by t@e first trCggered detector.
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E. Histograms of correction factors
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FCgure E.1.: ?CstograL of reIatCve correctCoN factor dataset eIectroNs
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FCgure E.2.: ?CstograL of reIatCve correctCoN factor dataset ProtoN (0V)
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E. Histograms of correction factors
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FCgure E.3.: ?CstograL of reIatCve correctCoN factor dataset ProtoN (10V)
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FCgure E.4.: ?CstograL of reIatCve correctCoN factor dataset ProtoN (20V)
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FCgure E.5.: ?CstograL of reIatCve correctCoN factor dataset ProtoN (50V)
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FCgure E.6.: ?CstograL of reIatCve correctCoN Factor dataset ProtoN (200V)
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E. Histograms of correction factors
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FCgure E.7.: ?CstograL of reIatCve correctCoN factor dataset ProtoN (400V)
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